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S UMMA RY
The work re p o r te d  in  t h i s  t h e s i s  h a s  been involved  in  
developing  a model system  to  b lo m ln e ra liz a t lo n  w ith  a  view to  
id e n t i fy in g  mechanisms invo lved  in  th e  use  o f o rg an ised  o rgan ic  s u r fa c e s  
in  th e  c o n tro lle d  n u c le a tio n  o f in o rg a n ic  s o l id s .  In  th e  p re se n t 
system* Langmulr m onolayers have been used a s  tw o-dim ensional tem p la te s  
f o r  calc ium  carb o n ate  n u c le a tio n  from  s u p e rsa tu ra te d  calc ium  b ica rb o n a te  
s o lu t io n .
CaC03 c r y s t a l s  grown by in o rg a n ic  methods in  th e  absence 
o f m onolayers gave n o n -s p e c if ic  rhom bohedral c a l c i t e  c r y s ta l s ,  whereas 
c r y s ta l  growth under s t e a r a t e  and octadecylam ine m onolayers was w ell 
c o n tro l le d  and h ig h ly  s p e c i f ic .  The c r y s t a l s  were m orpholog ically  
d i s t i n c t  and c r y s ta l lo g r a p h ic a l ly  o r ie n te d  w ith  re s p e c t to  th e  monolayer 
su rfa c e . Under s te a r a te  m onolayers th e  <11.0) face  o f c a l c i t e  c r y s ta l s  
o r <00.1) face  o f v a t e r i t e  c r y s t a l s  were formed depending on th e  
s u p e rs a tu ra t io n  of th e  b ic a rb o n a te  s o lu t io n ,  whereas under amine 
m onolayers two d i f f e r e n t  o r ie n ta t io n s  <00.1) and <11.0> and 
m orphological forms o f v a t e r i t e  were formed i r r e s p e c t iv e  o f 
s u p e rs a tu ra t io n  changes.
A c o n tro l l in g  mechanism f o r  s t r u c tu r a l  s e l e c t i v i t y ,  and 
p re fe r re d  o r ie n ta t io n  has been ex p la in ed  in  te rm s o f e l e c t r o s t a t i c  
charge accum ulation, s te reo ch em ica l c o r r e la t io n  and s t r u c tu r a l  
correspondence. S tr u c tu ra l  a n a ly se s  o f  c r y s t a l s  were c a r r ie d  out by X- 
ra y  d i f f r a c t io n  and IR spec tropho tom etry , m orphological a n a ly s is  was
done by o p t ic a l  and scann ing  e le c tro n  m icroscopy, and e lem en ta l a n a ly s is  
was c a r r ie d  ou t by EDXA and atom ic a b so rp tio n  spectopbotom etry .
Whereas charged  monolayers e f f e c t iv e ly  c o n tro l  th e  
c r y s t a l l i z a t i o n  o f CaCOa, o c tadecano l, a  n e u tr a l  m onolayer i n h i b i t s  
c r y s ta l  n u c le a tio n . C h o le s te ro l a n e u tra l  bu lky  s t e r o id  m olecule d id  n o t 
have any e f f e c t  on c r y s t a l l i z a t i o n .  The pack ing  d e n s i ty  o f m onolayers 
i s  a ls o  Im portan t f o r  o r ie n te d  c r y s t a l l i z a t i o n  and i s o s t e a r i c  a c id , 
having an in te r-h e a d g ro u p  sp ac in g  incommensurate w ith  th e  c r y s ta l  
l a t t i c e  o f c a l c i t e ,  d id  no t induce o r ie n te d  n u c le a tio n . The e f f e c t  of 
co m p e titiv e  io n  b in d in g  on th e  o r ie n te d  n u c le a tio n  o f CaC03 c r y s t a l s  
under charged  m onolayers was s tu d ie d  by in c re a s in g  th e  io n ic  s t r e n g th  o f 
th e  s o lu t io n  w ith  sodium and lith iu m . The number o f  o r ie n te d  c a l c i t e  
c r y s t a l s  was s ig n i f i c a n t ly  reduced a t  CCa]:(lQ = 1 :20 .
An a d d i t io n a l  in te r e s t in g  o b se rv a tio n  r e s u l t in g  from  t h i s  
s tu d y  was th e  fo rm atio n  o f w ell developed b a sa l (00 .1 ) fa c e s  o f c a l c i t e  
in  th e  p resence  o f l i th iu m . S im ila r  s tu d ie s  w ith  sodium co u ld  n o t b r in g  
about t h i s  m orphological change and t h i s  In d ic a te s  t h a t  l i th iu m , due to  
i t s  sm all Io n ic  r a d iu s ,  s t a b i l i z e s  th e  h ig h  energy c r y s ta l  fa c e  by 
in c o rp o ra tio n  in to  s u r fa c e  i n t e r s t i t i a l  s i t e s .
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C H A P T E R  X
I NTRODUCT I 03ST
11 . 1 Q B J £ C X X y E S .i
A fundamental concept in the  process of b iom ineralization  
deals  w ith th e  molecular recognition  of inorganic m a te ria ls  a t  organised 
organic macromolecular substances. C urrently, much is  known about the  
m ic ro s tru c tu ra l and the  chemical fea tu res  of designed m ate ria ls , but the 
understanding of the  molecular processes tak ing  place during sy n th es is  
rem ains a t  a very elementary s tag e  of development.
The objective of th is  Thesis i s  to  understand the  p rin c ip le s  
and mechanisms by which an organised organic m atrix  can mediate the 
c ry s ta l l iz a t io n  of an inorganic m ateria l, using concepts derived from a 
knowledge of b iom ineralization , and to  sim ulate these  b io lo g ica lly  
co n tro lled  m ineralization  processes in v itro . This knowledge in  tu rn  can 
be used to  develop a model system  to  biom ineralization .
The main work concerns the c ry s ta ll iz a tio n  of calcium 
carbonate under compressed organised organic monolayers (octadecanoic acid , 
octadecylam ine, octadecanol and cho les te ro l) formed a t  a ir /w a te r  in te rfa c es . 
The c ry s ta l  s tru c tu re , morphology, o rien ta tio n  and nucleation d en sity  of the 
c ry s ta ls  formed were studied . The e ffe c ts  of p o la r ity  and packing density  
o f the  monolayers, and the  io n ic  concentration  of the  so lu tio n  were a lso  
in v e s tig a te d .
This chapter provides an overview of th e  main a sp ec ts  
covered by my work reported  in  th is  th e s is ; Viz, (a) the  mechanisms 
involved in  b iom ineralization , (b) form ation of s tab le  Langmuir monolayers 
and <c) CaCOs c ry s ta l  chem istry involving the  polymorphic d e sc rip tio n  and
2d e ta i ls .
1 , 2 B I  QMI NERftL I  Zft.T.I ON AND B I QMI NERAL.S, i
B iom ineralization i s  a d iverse , w idespread and common 
phenomenon th a t  re fe rs  to  th e  p rocesses by which organism s form m inerals. 
Organisms a re  capable o f forming a d iverse  a rray  o f m inerals. These 
biogenic m inerals commonly have a t t r ib u te s  which d is tin g u ish  them from 
th e ir  inorganic  co u n terp arts . Furthermore, organism s a re  capable of 
co n tro llin g  even the  tra c e  elem ents and iso to p ic  com positions of the 
m inerals they form so th a t  th ese  a re  out of equilibrium  with the  
environment.
C ry s ta ls  thus formed in  b io lo g ica l system s are  often  of 
uniform s ize , have o rien ted  c ry s ta llo g rap h ic  axes, and adopt s izes  and 
shapes qu ite  d if fe re n t from those  found in  th e i r  non-b io log ical 
coun terparts . Another d iffe ren ce  between b io lo g ica lly  and inorgan ically  
formed m inerals involves th e i r  geochemical p ro p e rtie s  as  well. All these 
fa c to rs  in d ica te  th a t  biogenic c ry s ta ls  a re  formed under well con tro lled  
conditions.
Biogenic m inerals have been widely d is tr ib u te d  in  the  
biosphere and co n trib u te  s ig n if ic a n tly  to  sedim entary environments. So fa r , 
66 m inerals have been rep o rted  [1] th a t  a re  formed in  b io log ica l system s. 
The most abundant and conspicuous b iom inerals being th e  phosphate and 
carbonate s a l t s  of calcium th a t  are  found in  conjunction with organic 
polymers such as  collagen and c h itin , th a t  give s tru c tu ra l  support
3to  bones and sh e lls . S a lts  of barium, strontium , s ilic o n  and iron  a re  a lso  
common. Opal emerges as  the  second most ex tensively  formed biogenic 
m ineral. F e rr ih y d rite  and re la te d  f e r r ic  oxide m inerals rank th i r d  and 
m agnetite (FesCU), f i r s t  discovered as  a b iom ineralization  product in  ch iton  
te e th  [23, and now known to  be syn thesised  by m agnetotactic b a c te ria  [3,43, 
honey bees [5], and homing pigeons may well prove to  be widespread [63.
CaCOa m ineral can p re c ip ita te  as c a lc ite , a ragon ite  and 
v a te r i te  or amorphous calcium carbonate. All occur in  sp e c if ic  ways in  
nature and sometimes th e  th ree  main forms a re  found in  th e  same 
m ineralized product. C alcite  i s  th e  main m ineral component in  co cco lith s  
[73, mammalian otoconia C83 and most egg s h e lls  C91 and mollusc s h e lls . 
F o liated  c a lc ite  forms the  bulk of th e  s h e lls  of the  liv in g  o y s te rs  
(ostreacea) and window-pane Jingle s h e lls  (anomlacea). The calcium 
carbonate of mollusc s h e lls  occurs as  c a lc i te  in  some sp ec ies , a s  a rag o n ite  
in  o th e rs , and in  c e r ta in  species d ep o sit c a lc ite  in  one po rtio n  of the  
sh e ll and a ragon ite  in  another po rtio n  of the  same sh e ll. Aragonite is  
a lso  widespread being the  common main m ineral component in  c o ra ls , f ish  
D to lith s  C83, amphibian otoconia [83 and tu r t le  egg s h e lls  [103. I t  i s  found 
in  p e a rls , b ivalves and gastropod sh e lls . The nacreous lay er in  the  
gastropodes (Glbbula, Calllostcma, Trochus and H allo tls) in  the  b ivalves i s  
composed of th e  aragon ite  ta b le ts  [113. V aterite , the  m etastab le  polymorph 
of c ry s ta l l in e  calcium carbonate i s  p rec ip ita ted  in  na tu re  by a v a r ie ty  of 
organism s, both norm ally and under patho log ical cond itions [12-183. I t  has 
been found in  th e  egg s h e lls  of gastropods belonging to  the  genus
4ampullana. I t  i s  a lso  located  in  f is h  species (Acipencer s tu r io  -  a 
sturgeon and Gadus monnhera -  a card) [14-183. Lowenstam a lso  rep o rted  
about the  s e s s i le  benth ic marine anim al, th e  tu n ica te  (Herdmanla momusy and 
on i t s  m inera lization  of v a te r i te . Further he commented on i t s  p o ss ib le  
evolutionary and sedim entary im plica tions C193. V aterite  and amorphous 
calcium carbonate have a lso  been id e n tif ie d  in  the  leucocytes or calcium 
c e lls  of the  m antle and reproductive  tis su e s  of c e r ta in  s n a ils  [203.
V aterite  a lso  occurs in  th e  gastropod Panacea paludosa in  the golgi 
apparatus of th e  mantle e p ith e lia l  c e lls ;  in  the foot; in  the  reg u la tin g  
muscle a c tiv ity ; in  th e  albumin capsule gland of the  female and in  th e  egg 
capsules [213. All th ree  anhydrous c ry s ta ll in e  m odifications have been 
id e n tif ie d  in  g a lls to n es  [22,233.
1 , 3  F JIN C I.IQ N S — QF. B I.QMlJH E R flL S .;
According to  a recen t review, the  m ajority  of biogenic 
m inerals which a re  o ften  calcium contain ing , m ostly hydrated, and may be 
m ono-crysta lline , p o ly c ry s ta llin e  or amorphous are  shown to  be of d if f e re n t  
functional value to  th e  organism [243. The functions of b iom inerals a re  as 
p ro tec tiv e  devices (outer s h e l ls ) ,  s tru c tu ra l  supports (bones), a id s  to  
a tta ck  (teeth  and horns) as  various kinds of sensors (magnetic or 
g ra v ita tio n a l)  or as concentrated  d ep o sits  of required elem ents, w astes o r 
poisons. Many u n ice llu la r organism s build cy toskeletons by d ep ositing  
hydrated s i l ic a ,  a form of amorphous g la ss ; in protozoa and algae th i s  
inorganic  polymer is  o ften  sculp ted  in to  exqu isite  rods, p erfo ra ted  d is c s  
and re tic u la r  frameworks th a t  a re  sp ec ie s -sp e c if ic  and have long been used
5as d iag n o stic  c h a ra c te r is t ic s  in  system atic  biology. M inerals a re  a lso  put 
to  sp ec ia l uses, fo r  example, a s  magnetic sensors in  m agnetotactic b ac te ria  
(FeaCU), g ra v ity  balance devices (CaCOs, CaSCU, BaSCU), deterrence ag a in s t 
p red a to rs  (SiOa, CaCOs), iro n  s to rag e  and m obilization (FesOs. nH^O in  the 
p ro te in  f e r r i t i n ) ,  love d a r ts  in  s n a ils  (CaCOs) and eye lenses (CaCOs) in  
fo s s iliz e d  t r i lo b i te s .  The hard p a r ts  formed by these m inerals a re  liv in g  
s tru c tu re s  which may undergo a c tiv e  dem ineralization and rem odelling in 
response to  environm ental and b io lo g ica l s t r e s s .  Bone, fo r example, 
provides an e s s e n tia l  s to re  of calcium in  v e rteb ra tes  and calcium oxalate  
i s  a calcium source in  p la n ts .
1 . 4  QQNXBQLL.EQ MI NERftLI.ZaXI.QN.;
The p rec is io n  of re p lic a tio n  of biom inerals in  term s of 
s tru c tu re , morphology and d is tr ib u tio n  in  each species suggests th a t  th e re  
cure h igh ly  sp e c if ic  mechanisms of con tro lled  c ry s ta l  growth form ation and 
s p a t ia l  o rgan ization  w ith in  the  b io log ica l system. The m inerals a re  formed 
by normal c e llu la r  p rocesses to  form organised s tru c tu re s  in  c e l ls  ranging 
from b a c te ria , a lgae and protozoa to  o s teo b las ts  of bone. The m inerals  may 
be in  membrane-bound v e s ic le s  w ith in  c e lls , in the mucilaginous la y e rs  of 
c e ll  w alls in  b a c te ria  D r  impregnated in  biopolymers in  e x tra c e llu la r  space, 
There a re  numerous examples of co n tro l in  b iom ineralization  being e ffec ted  
by v e sic le  w alls. Two such examples of re la tiv e ly  well stud ied  processes 
are th e  coccolithophoridae £253 and sea urchin  skele tons [26] where s in g le  
c ry s ta ls  of c a lc i te  a re  formed in s id e  a vesic le  [27,28]. In a l l  th ese
6examples, the  common mode of c ry s ta l  form ation in  the  t is su e s  i s  through 
the  i n i t i a l  form ation of a s tru c tu ra l  framework. The regu la tion  of 
c r y s ta l l i2a tio n  in  these  c e l l s  i s  p a r tly  accomplished by an a rray  of m atrix  
macromolecules, many of which a re  syn thesised  by sp ec if ic  c e l ls  fo r  th i s  
purpose. A su b se t of the  m atrix  macramolecules i s  c lo se ly  asso c ia ted  w ith 
the  m ineral phase and hence i s  thought to  regu la te  c ry s ta l  growth by some 
mechanisms a s  y e t unknown. The widespread use of a p reconstructed  organic 
framework in which the  m inerals grow i s  in i t s e l f  an in d ica tio n  of the  
ex istence  of a common approach towards biom ineralization . M ineralized 
t is su e s  a re  usually  formed by th e  in i t i a l  e laboration  of a s tru c tu ra l  
organic framework composed of a complex heterogeneous m ixture of 
macromolecules such as p ro te in s  and polysaccharides in to  which ions of 
m ineral phase permeate and c ry s ta l l is e .
The m inerals formed in  the  b io log ica l system a re  w ell 
defined and o ften  have b eau tifu l morphologies (Figs. l.l.A  & l .l .B ) ..
F o lia ted  c a lc ite , one of the  r a r e s t  of the  328 m orphological forms of the  
m ineral, c a lc ite , has been reported  by severa l workers [29-323. Lawenstam 
[213 has shown th a t  the  c a lc i t ic  p rism atic  layer of the  b ivalve (Mytllus 
ca lifom ian u s)  i s  an example of organic m atrix-m ediated b iom inera lization  
p rocess. Several d e ta iled  examples have been i l lu s tr a te d  by Watabe [333 
showing the  c ry s ta l l in e  c h a ra c te r is t ic s  of calcareous s tru c tu re s , th e  s i t e s  
o f th e ir  form ation, nucleation and growth of m inerals, th e  organic m atrix  
and Dther fa c to rs  co n tro llin g  th e  c ry s ta ll in e  p a tte rn s  concen tra ting  mainly 
on calcium carbonate.
FIG. 1.1: (A) SEM MICROGRAPH SHOWING THE ORIENTATION OF 
PRISMATIC CALCITE IN MOLLUSC SHELL (Scale bar = 50 (im)
8FIG. 1.1: (B) SEM MICROGRAPH SHOWING THE ORIENTATION OF 
ARAGONITE CRYSTALS IN NACREOUS LAYER IN MOLLUSC SHELL 
(Scale bar = 1 p.m)
9The processes of b iom ineralization  can in  p rin c ip le  be 
e a s ily  d iv ided  in to  two c la sses ; one in which co n tro l i s  exercised  in some 
way over m inera lization  and o ther in  which i t  i s  not. In p ra c tic e  the 
d if fe re n tia tio n  i s  not th a t  sim ple a s  a l l  organism s do exerc ise  some 
co n tro l a t  one level or another even i f  i t  simply involves, fo r example, 
removing from th e  sh e ll  some undesirab le  m etabolic end product o r ion th a t 
combines w ith another ion in the  ex tern al medium and p re c ip ita te s . To 
d if fe re n tia te  between processes th a t  are  not s p e c if ic a lly  designed fo r 
m inera lization , but do in  fa c t  r e s u l t  in  m ineral being formed, and processes 
in  which a sp e c if ic  ta sk  i s  s e t  up fo r  the  purpose of m inera lization , 
Lowenstam C213 coined the  phrase "b io logically-induced  m ineralization" fo r 
th e  form er s itu a tio n . The la t t e r  i s  more ap tly  re fe rre d  to  as  
"b io lo g ica lly -co n tro lled  m ineralization", a  term proposed by Mann [343.
<i> BI QLQGICALLY- IHD.UCED MIBERALIZATIQfl: This process
generally  occurs in  th e  open environment and not in  a space p a r tic u la r ly  
delineated  fo r  th i s  purpose. Mo sp ec ia lised  c e llu la r  o r macromolecular 
involvement i s  s e t  up to  induce m inera lization . The m inerals them selves i f  
they a re  c ry s ta l l in e , have h ab its  th a t  are  th e  same o r a re  very s im ila r  to , 
those  formed by th e i r  inorganic counter p a r ts ; they have a wide range of 
s iz e s  and a re  usually  random aggregates. One p a r t ic u la r ly  c h a ra c te r is t ic  
fea tu re  of th is  induced m inera lization  i s  th a t  th e  type o f m ineral formed 
i s  a function  of th e  environm ental conditions in which th e  organism liv e s  
during th e  m ineral form ation. The same organism in  d if fe re n t environments 
can form d if fe re n t m inerals [353. This process appears to  be the
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predominant p rocess among th e  monera and fungi, and i t  occurs fa ir ly  
frequen tly  in  th e  p ro to c tis ts .  Some examples of b io lo g ica lly  induced 
m inera liza tion  in  anim als a re  th e  c a lc i te  c ry a ta ls  farmed in  the  a x ia l 
skele ton  of th e  pennatulid  sea fan [353, and the  w eddelite CaCa>CU.<2tx)H20 
and b ru sh ite  CaHP0.*.2H20 c ry s ta ls  th a t  form the  lay ers  of b io lo g ica lly  
co n tro lled  d ep o sits  of c a lc i te  in the  mandible o r beak of n au tilu s  [363.
< ii>  EIQLQGICALLY-CQJSTTRQLLED MIBERALIZATIQBT: Much of the  work
in  b iom inera lization  i s  form ally aimed a t  understanding th e  co n tro lled  
p rocesses th a t  are  involved in  m ineralization  in  biology which 
d if f e r e n tia te s  th i s  process from th e  inorganic world. However, i t  i s  
a lready  apparen t th a t  many b io lo g ica l system s can combine d iffe re n t con tro l 
p rocesses and end up w ith a unique f in a l  product. Therefore, i t  i s  
necessary  to  id e n tify  and understand various p rocesses th a t  a re  involved in  
producing the  f in a l  m inera lization  product.
One of th e  most im portant fea tu res of th e  b io lo g ica lly  
co n tro lled  m inera lization  i s  th a t  th e  s i t e  a t  which m ineral forms i s  f i r s t  
sealed  o ff  from th e  environment by a b a r r ie r  through which ions can not 
free ly  d iffu se . This p a r tic u la r  co n tro lled  m inera lization  termed as  "space 
delineation", i s  a fundamental p a r t  of the  mechanism th a t  c e l ls  use to  
co n tro l m inera liza tion  [37,383. The l ip id  b ilay e rs  a re  th e  most common 
means of space delineation . O ccasionally w ater inso luble  macromolecules 
(p ro te in s and /or polysaccharides) th a t  polymerize to  form impervious sh ee ts  
were a lso  used as m ate ria ls  fo r  space delineation . In f e r r i t i n  p ro te in , a 
h ighly  sp ec ia lised  form of space d e lineation  tak es  p lace. The iron  in some
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f e r r i t in s  i s  deposited  as p a ra -c ry s ta llin e  fe rr ih y d r ite , whereas in  o th e rs  
(eg. c e r ta in  types of b ac te ria ) i t  i s  an iron  phosphate m ineral. The use of 
a p ro te in  sh e ll to  c rea te  the  space fo r  m ineral deposition  appears to  be 
unique. In some o ther organism s the  b a rr ie rs  used fo r space d e lin ea tio n  
a lso  p a r tic ip a te  in  m ineral form ation i t s e l f .  For example, some of th e  
l ip id s  in  th e  v esic le  membranes a re  ac id ic  and may a lso  con tain  membrane 
p ro te in s  th a t  p a r tic ip a te  d ire c tly  in  co n tro llin g  asp ec ts  of m inera liza tion  
[393.
There i s  a growing body of inform ation on the  s tru c tu re , 
composition and sy n th es is  of macromolecules 1403. But th e  key and th e  
exciting  question  i s  to  id en tify  th e  molecular p rocesses th a t  produce 
m inerals of p re c ise  form with uniform p a r t ic le  s ize , novel c ry s ta l  
morphology and sp e c if ic  c ry ta llo g rap h ic  o rien ta tio n .
1 , S  N A T U R E - O F  O R G A N I C  M O L E C U L E S ;
The organic m atrix , a phrase coined by Le Gros C lark fo r  
bone C413 i s  now widely used in  a v a rie ty  of con tex ts. We re fe r  here to  
the organic m atrix  as  a continuous sheet lik e  s tru c tu re  th a t  su b -d iv ides 
the m inera lization  space. The fa c t  th a t  organic m a trix - lik e  macromolecules 
are ex trac ted  out of a m ineral phase does not n ecessa rily  imply th a t  they 
e x is t as continuous membranes, as they could a lso  be d ispersed  monomers or 
discontinuous aggregates. The la t t e r  s itu a tio n  has been proposed fo r 
echinoderm skele tons by Berman e t a l  [423. Thus many b iom inerals, unlike 
th e ir  inorganic co u n terparts , a re  composite m ate ria ls  o ften  c o n s is tin g  of 
m ineral su b -u n its  ordered w ith in  an organic m atrix . These m atrix
macromolecules a re  probably not a sso c ia ted  with a l l  b io lo g ica lly  formed 
m inerals but* in  general* m inera lization  processes th a t a re  co n tro lled  in 
some way by th e  organism tend to  have assoc ia ted  macromolecules. There i s  
no doubt th a t  th ese  macromolecules f u l f i l  im portant functions both during 
the  form ation of th e  m ineral and in  th e ir  con tribu tion  to  the biomechanical 
p ro p e rtie s  of th e  matured product.
The organic components a re  generally  p ro te in s  (collagen, 
den tin , e la s t in  and conch io lin ), po lysaccharides (8 -ch itin ), proteoglycans 
and lip id s . Two d if fe re n t c la s se s  of p ro te in s  have been ex trac ted  from • 
b iam inerals £43]. One f ra c tio n  i s  composed of a sp a r tic  acid  r ic h  p ro te in s  
po ssib ly  a sso c ia ted  w ith sm all amounts D f  polysaccharide and th e  second 
fra c tio n  co n ta in s  s e r in e  r ic h  p ro te in s  th a t  are asso c ia ted  w ith large  
amounts of po lysaccharides. Generally th is  organic m atrix  or phase i s  a 
minor c o n s titu e n t of the  biom ineral. However, i t s  con tribu tion  by weight 
v a rie s  r a th e r  widely, fo r  example in  mollusc sh e lls , generally  from 0.01% to  
5% £44,45]. In re cen t s tu d ie s  Weiner £46] and Sw ift e t  a l  £47] suggested 
th a t  sea urchin  t e s t  sk e le ta l p la te s  con tain  functional p ro te in s  sp e c if ic  to  
the biom ineral. 'B ut in  some organism s, lik e  sca llo p  sh e ll  the  rid g es  of 
th e ir  s h e lls  a re  composed of g re a te r  than  30% m atrix  by weight, but th e  
r e s t  of th e  s h e l l  has much le s s  m atrix  £48]. This suggests a p a r t from 
co n tro llin g  m in era liza tion , th e  m atrix  i s  a lso  involved in  mechanical 
a sp ec ts  of b iom ineral s tru c tu re  £49]. Furthermore, some organic molecules 
assoc iated  w ith m ineral may be incorporated  more or le ss  in c id en ta lly  
during m ineral growth. For example osteonectin , thought e a r l ie r  to  be a
bane sp e c if ic  p ro te in  has been id e n tif ie d  in  sev era l non-m ineralizing 
t is s u e s  C50] and calmodulin, a ubiquitous regu la to ry  p ro te in  has been 
e x trac ted  from g i l l  concretions of fresh  w ater mussels [513. In such cases, 
th e se  p ro te in s  may be involved in  c e llu la r  regu la tion  associated  with the  
m ineral growth. Some polyanionic polymers which seem to  be nearly  
u n iv e rsa l in  th e i r  d is tr ib u tio n  in  ca lc if ied  biom inerals do f u l f i l  th e  ro le  
o f m atrix  during m ineral form ation [52,533. These polymers are  usually 
p ro te in s  con tain ing  negatively  charged s id e  groups th a t a re  in tim ate ly  
involved in  m inera lization .
The organic m atrix  in  a broad sense can be c la s s if ie d  in to  
so lub le  and inso lub le  components. In most re c en t s tu d ie s, the m atrix  has 
been iso la te d  by d is so lu tio n  of powdered biom ineral a t  near n eu tra l pH w ith 
re la tiv e ly  high concen tra tions of EDTA. The whole m atrix  e x tra c t was then 
frac tio n a ted  in to  EDTA so lub le  and Insoluble components by cen trifu g a tio n . 
For molluscan system s th e  so lub le  m atrix  i s  enriched in  th e  anion p ro te in  
and th e  inso lub le  m atrix  i s  more hydrophobic in  nature [54,553 and 
po ssib ly  con ta in s  o ther components such as  c h it in  [56,573. These soluble 
m atrices o ften  have covalen tly  bound po lysaccharides and a re  ac id ic , being 
r ic h  in  carboxylate  groups and sometimes su lphate. The insoluble 
macromolecules a re  re fe rre d  to  as  framework macromolecules. All the  
t is s u e s  con tain  ac id ic  g lycop ro te in s and/or proteoglycans. One p o ssib le  
exception in  which they may be absen t i s  th e  calcareous a lga (Hallmeda) 
[58-603, which forms i t s  a ra g o n itic  c ry s ta ls  under poorly con tro lled  
conditions [403. However, various sk e le ta l hard p a r ts  are  formed under
re la tiv e ly  well co n tro lled  cond itions and ac id ic  macromolecules a re  found to  
be p resen t in  them. This observation  s trong ly  supports the  notion th a t  
these  ac id ic  macromolecules f u l f i l  im portant functions in  b iom inera lization . 
The fa c t th a t  they  a re  h ighly  charged in  i t s e l f  im plies th a t  th ese  a re  
ac tiv e ly  involved in  reg u la tin g  m ineral form ation. Furthermore, in  th e  few 
cases in which th e i r  lo ca tio n s  in  the  t is su e  are  known, they are  c lo se ly  
associated  w ith th e  m ineral. The d is tr ib u tio n  of major framework 
macromolecules between phyla p re sen ts  an e n tire ly  d if fe re n t p ic tu re  as  
compared to  th e  a c id ic  macromolecules. The framework macromolecular types 
vary considerab ly  from tis s u e  to  t is s u e  and a number of m ineralized hard 
p a rts  from various organism s do no t appear to  have any framework 
macromolecules a t  a l l .  The d iv e rs ity  of framework macromolecular types and 
the fa c t th a t  they  a re  p re sen t in  sm all amounts or a re  absen t suggest th e i r  
major function  i s  no t in  b iom ineralization  per se, but in  co n trib u tin g  to  
the mechanical p ro p e rtie s  of th e  products.
1 . 6  C O N T R O L L E D  C R Y S T A L L I Z A T I O N  OF  T H E  
M IN E R A L S  AND ...THE X N E L .U E N C E -Q E -X H E -,
QRQAN.IC. .MATRIX.:
In many m inera lization  processes, p a r tic u la r ly  those  
occurring in  most sk e le ta l  hard p a r ts ,  the  space s e t  up by c e l l s  and /or 
polymerized macromolecules is  fu r th e r  sub-divided p r io r  to  m inera liza tion  
by an assemblage of o rganic  m atrix  macromolecules. The influence of th ese  
macromolecules i s  im portan t in  the  regu la tion  of form ation and growth of 
the m ineral. The ro le  o f organic macromolecules in  in i t ia t in g  th e
nucleation  of th e  inorganic  so lid s  and regu la ting  the  growth of the  m ineral 
i s  influenced p a r t ly  by th e  m atrix  components, and p a r tly  by chemical 
c o n tro l C24L I t  i s  in  th i s  area  of b io log ica l mechanisms of nucleation  and 
growth c o n tro l th a t  s ig n if ic a n t new concepts have been developed and the  
a n a ly s is  of th e se  ideas in  s im p lified  physico-chem ical system s should 
provide inform ation  about the  regu la tion  of nucleation in  b iom ineralization . 
The p rocesses co n tro llin g  b iam inera liza tion  are shown in  Fig. 1.2 
sch em atica lly .
The organic macromolecules a re  found to  be organised a t  
s i t e s  of b iom inera lization  where they are often  involved in  co n tro llin g  
m ineral nuclea tion  and growth. In s in g le  c e l l  organism s, th e  co n tro l i s  
e ffec ted  by s e t t in g  up s p a t ia l  boundaries, w ith in  which local 
su p ersa tu ra tio n  lev e ls  a re  developed by se lec tiv e  ion tra n s p o r t  in  th e  
iso la ted  c e l lu la r  compartments. For example, diatoms form s h e lls  of 
amorphous s i l i c a  and th e  shape of the m ineral formed i s  co n tro lled  by the  
s tru c tu re  o f th e  membranes build ing up the  s p a tia l  boundaries. This 
in d ica te s  th a t  m ineral morphology can be con tro lled  by th e  membrane bound 
compartments of b io lo g ica l system s. Apart from th is ,  th e re  i s  a  fu r th e r  
c o rre la tio n  between th e  organic macromolecules and the  c ry s ta l  p ro p e rtie s  
of the  m ineral formed in  m u lti-c e llu la r  organism s. For example, calcium 
phosphate i s  m ineralized w ith in  th e  f ib r i l s  of collagen as  sub-m icrom etre 
sized  p la te s . In turkey tendon, th e  c. ax is  l ie s  p a ra l le l  to  th e  plane of 
the  p la te s  as  w ell a s  to  the  collagen f ib re  ax is , and th e  a* ax is  l ie s  
perpendicular to  the  plane of th e  p la te  [61,62]. S im ilar observations were
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FIG. 1 .2 : SCHEMATIC REPRESENTATION OF THE PROCESSES INVOLVED 
IN MINERALIZATION INDICATING THE ROLE OF ORGANIC 
MATRIX IN BIOLOGICAL SYSTEMS.
a lso  made In th e  nacreous inner layer of some mollusc s h e lls . In th i s  
lay er, p ro te in -p o ly sacch arid e  macromolecules co n tro l th e  form ation of 
a rag o n ite  w ith in  th e  m atrices such th a t  the c. axes of each aragon ite  
c r y s ta l  l ie s  perpendicu lar to  th e  plane of the  organic tem plate [63,643.
Thus th ese  m atrix  m ate ria ls , a p a rt from th e ir  functional value to  the  
mechanical p ro p e rtie s  of the  biom ineral, a re  involved in  molecular 
in te ra c t io n s  which im part sp ec if ic  c ry s ta llo g rap h ic  p ro p e rtie s  to  th e  
m ineral formed. In d if fe re n t mollusc sh e lls , aragonite  c ry s ta ls  develop in  
d if fe re n t  modes o f form ations, fo r example, as a b rick  w all or "stack  of 
coins" arrangem ent w ith th e  c. ax is  o f each c ry s ta l  always perpendicular to  
the  o rgan ic  tem plate  [63,643. A s im ila r  o rgan isation  of th e  organic 
macromolecules in  sp e c if ic  o rie n ta tio n s  i s  a lso  p resen t in  avian egg s h e lls  
where th e  p ro te in  molecules become th e  o rig in  of nucleation , and o rien ted  
c a lc i te  form s along the  c ry s ta llo g rap h ic  q. ax is  of th e  m ineral.
The o rien ta tio n  of th e  m ineral nuclei a t  th e  organic m atrix  
i s  c o n tro lled  by th e  molecular processes involved a t  the  organic su rface . 
The lo c a lise d  o rien ted  s tru c tu re , various chemical p rocesses and the  
topography o f th ese  macromolecules seem to  be the  prim ary fa c to rs  in  
co n tro llin g  th e  m inera lization  of calcium phosphate in  mature bone [65-693. 
When th e  co llagen  f ib re s  obtained from d eca lc ific a tio n  of th e  bone and the  
modified co llagen  f ib re s  were used in  in v itr o  c ry s ta l l iz a t io n  of calcium 
phosphate, th e  modified collagen could not nucleate th e  m ineral in  th e  same 
way as  th e  d eca lc ified  collagen f ib re s  could [693. However^ more d e ta iled  
s tu d ie s  a re  requ ired  to  e lucidate  th e  exact mechanisms of m ineral form ation
1 8
under th e  e ffe c tiv e  co n tro l of the  organic m atrix. Recent ideas developed 
in  th is  area  show th a t  th e  hydrophobic p a r t  of the  organic m atrix  can ac t 
as an inso lub le  component to  build  up a framework, but th e  hydrophilic  p a r t 
of the  organic molecules i s  involved d ire c tly  in reg u la tin g  m ineralization .
The nature of organic molecules involved in  m ineralization  
i s  generally  complex and composed o f various components. These components 
vary from spec ies  to  spec ies, and in  d if fe re n t reg ions, w ith in  th e  same 
species C70,713. In the  study of mollusc sh e lls , one prim ary fa c to r  
id e n tif ie d  was th a t  the  various EDTA so lub le  components obtained in  various 
species were s im ila r  C723 and co rre la ted  w ith the  u ltr a s tru c tu re  of the  
mineral formed, but EDTA inso lub le  components were v a riab le  in  com position 
and s tru c tu re . This im plies th a t  th e  o rgan isation  o f th e  m atrix  molecules 
precedes th e  nucleation of aragon ite  c ry s ta ls .  Thus th e  natu re  of 
o rgan isation  of ac id ic  and hydrophobic macromolecules (eg. as a n t i-p a ra l le l  
(3-pleated shee t polypeptide chains and c h it  in) C73, 743 proves to  be 
responsib le  fo r  the  mechanical and s tru c tu ra l  p ro p e rtie s  observed in  sh e lls .
Having shown th a t  th e  organic macromolecules a re  
sp ec if ic a lly  involved in  reg u la tin g  m inera lization , th e  p rocesses 
encountered can be c la s s if ie d  in to  sev e ra l sec tio n s . The forem ost 
mechanism involves the  form ation o f a molecular cage w ith p a r tic u la r  
o rien ta tio n  of the  macromolecules. These molecules co n tro l the  
su p ersa tu ra tio n /io n ic  concentra tion  and d if fe re n tia te  th e  in te rn a l region 
from the  environment. Hence the  physico-chem ical cond itions a re  effected  
d iffe ren tly  w ith in  the  molecular compartment when compared to  the
surroundings. S im ilarly , th e  organic su b s tra te s  can c re a te  a charge 
d en sity  a t  sp e c if ic  lo ca tio n s, where organic macromolecules induce the  
ca tio n  binding and thereby induce nucleation  of the  m ineral. The in i t i a l  
charge accumulation and the  ion ic  binding s i t e s  p r io r  to  nucleation have 
been stud ied  and a prim ary mechanism by which m atrix  in i t ia te s ,  regu la tes  
and co n tro ls  m ineral growth through adsorp tion  to  c ry s ta l  nuclei or growing 
c ry s ta ls  has been proposed [75-78].
31P nmr spectro scop ic  s tu d ie s  of calcium binding to  
phosphorylated se r in e  residues of dentine phospho-pratein  in  the  presence 
of calcium phosphate have been repo rted  [79]. These s tu d ie s  show th a t  the  
charge accumulation and weak ion binding become im portant fa c to rs  in  
co n tro llin g  m inera lization . Furthermore, th i s  e ffe c t i s  enhanced by the  
sp e c if ic  s ize  of th e  nucleation  zone a t  which th e  nucleation  occurs. The 
m inera lization  of hydroxyapatite  in  bone, ra th e r  than amorphous calcium 
phosphate o r b ru sh ite  <CaHP0*.2H;20) proceeds in  a h ighly  o rien ted  manner, 
w ith the  cl a x is  running p a ra lle l  to  th e  collagen f ib re  a x is . This in d ica tes  
th a t  the  co llagen-m atrix  accumulates calcium and phosphate ions [80] 
generating  sp e c if ic  reg ions fo r  the  o rien ted  nucleation of the  c ry s ta l l in e  
phase.
The physico-chem ical co n tro l effected  by th e  organic 
macromolecules alone cannot explain  a l l  the  o rien ted  m inera lization  
p rocesses. There are  o ther c o rre la tio n s  such as  s tru c tu ra l  matching and 
stereochem ical re la tio n s  between the  organic m atrix  and th e  m ineral formed. 
The e p ita x ia l re la tio n  o r the  s tru c tu ra l  matching has been reported  in  only
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a few biom inerals. For example in  mollusc sh e ll , many species show th a t  
both the c. and fc. axes of th e  a n t i-p a ra l le l  j3-pleated sh ee t of the m atrix 
and the m ineralized a ragon ite  c ry s ta l  la t t ic e  a re  o rien ted  w ith s tru c tu ra l  
matching a t  th e  in te rfa c e . This correspondence i s  id e n tif ie d  throughout in  
each m atrix  p lane, but th e  alignm ent of the  ab plane of th e  0-p lea ted  sheet 
changes, and r e s u l ts  in  d iffe ren ces  in  c ry s ta l  o rie n ta tio n s , each c ry s ta l  
having i ts  c. ax is  perpendicular to  the m atrix  su rface , but w ith th e  a. and 
h  axes aligned p a ra lle l  to  the  m atrix  su rface  in  d if fe re n t o rie n ta tio n s  
(F ig.l.lFL^j^A  su ita b le  mechanism has been proposed fa r  the 
crysta llochem ical re la tio n  observed between the  m ineral and the  m atrix  in 
various species of mollusc s h e lls  [63,73,74], (Fig.1.2 A,B,C). Calcium 
binding to  th e  a sp a r t ic  acid  residues o f th e  m atrix  corresponds to  the  
configuration  of th e  ab plane of aragon ite  w ith the  m atrix  period ic  
s tru c tu re  showing a c lo se  s tru c tu ra l  match along the  a. a x is , whereas along 
the  h  a x is , th e re  i s  no s tru c tu ra l  correspondence [81]. These examples 
c lea rly  in d ica te  th a t  th e  form ation of reg io sp ec ific  s i t e s  by charge 
accumulation and weak ion binding, and the  development o f the  configura tion  
of the m atrix  th a t  could s tru c tu ra lly  match w ith in c ip ien t c ry s ta l  la t t ic e ,  
are possib le  mechanisms in  th e  con tro lled  m inera lization  in  biology.
However, more d e ta iled  a n a ly s is  of th e  p rocess of 
b iom ineralization  in d ica te s  th a t  th e  above mentioned charge accumulation 
and s tru c tu ra l correspondence alone cannot explain  th e  p re fe rred  form ation 
with the o rien ta tio n  along c. a x is  of c a lc ite  in  c e r ta in  lo ca tio n s  and 
aragonite c ry s ta ls  in  d if f e re n t locations s in ce  both s tru c tu re s  have s im ila r
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FIG. 1 .1 : (C) B -PLEATED SHEET PROTEIN AND THE MINERAL
Aragonite grown in  a controlled manner under the
MATRIX.
(Reproduced w ith perm ission  from Weiner, S. , and Traub, W., )  
F igure from “On B io m in e ra liza tio n  M e d ite d  by 
Lowenstam, H. A. and Weiner, S ., Oxford u n iv e rs ity  P ress, 
(1989) Jew York, Oxford.
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Ca-Ca d is ta n ce s , on sp e c if ic  c ry s ta l  faces. Hence the  p re fe rred  form ation 
of one over th e  o ther req u ires  some o ther re la tio n sh ip  between the  organic 
m atrix  and th e  m ineral formed. E ssen tia lly , the  stereochem ical 
correspondence between th e  m atrix  molecules and the  (001) face of c a lc ite  
and a rag o n ite , determ ines th e  m ineral to  be formed. In c a lc i te  and 
aragon ite , (001) faces comprise carbonate anions th a t  a re  o rien ted  in  
stereochem ically  d if fe re n t manner located between adjacent calcium layers  
running perpendicu lar to  th e  c. a x is . If th e  m atrix  molecules can induce a 
binding con figu ra tion  of ca tio n s  th a t  mimic a sp e c if ic  lay er of a c ry s ta l  
face w ith the  c o rre c t stereochem ical m otif, then nucleation may be 
en e rg e tic a lly  favoured along one p re fe rred  c ry s ta llo g rap h ic  d irec tio n .
The importance of stereochem ical correspondence has been 
confirmed experim entally  in  same in v i tr o  system s C913. These s tu d ies  
showed th a t  th e  morphology of calcium dicarboxylate  s a l t s ,  syn thesised  in 
the  presence of a sp a r tic  a c id - r ic h  p ro te in s  were stereochem ically  re la ted .
A s im ila r  e f fe c t  was observed fo r c a lc ite  c ry s ta ls  nucleated on 
stereo ch em ica lly -re la ted  faces of p ro te in s  adsorbed onto a r ig id  su b s tra te . 
The attachm ent o f a sp a r t ic  a c id - r ic h  p ro te in s  on the <001 > face of the  
c ry s ta l ,  revealed  by th e  immunofluorescence s ta in in g  of th e  c ry s ta ls ,  showed 
th a t the o rg an isa tio n  of th e  carboxylate  components a ttached  to  the  3~ 
pleated  sh ee t su rface  could be stereochem ically  co rre la ted  to  the  carbonates 
of the  c ry s ta l  face.
Charge accm ulation, e p ita x ia l correspondence and 
stereochem ical co rre la tio n  between th e  m atrix  and the  m ineral formed have
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been rep o rted  ind iv idua lly  fo r  various m inerals. But th e re  is  a p o s s ib il i ty  
th a t  the  combined e ffe c t of th e se  fa c to rs  i s  a lso  responsib le  fo r the  
o rien ted  nucleation  of the  c ry s ta ls .  Evidence fo r  th is  combined e ffec t, 
a r is e s  from some recen t in v itr o  experim ents, where p o ly asparta te  adsorbed 
onto po lysty rene  film s in  the  8-sh e e t conform ation, d id not induce o rien ted  
CaCOs nucleation  unless the  film  was sulphonated. S im ilarly  sulphonated 
po lysty rene  film s w ithout the  adsorbed p o ly asp arta te  su b s tra te s  gave only 
very few o rien ted  c ry s ta ls .  This study showed c lea rly  th a t  th e  combined 
e ffe c t of charge accumulation, s tru c tu ra l  matching and stereochem ical 
correspondence was resp o n sib le  fo r  o rien ted  nucleation [833.
1 . 7  tlQ Q E L —3 Y ^ T -E n ..-T ,Q ..a iO M INERftLI^fl.T .XI3.N :
The importance of an organic m atrix  in  b iom ineralization  
and i t s  in fluence on th e  s tru c tu re , morphology and o rien ta tio n  of the 
m ineral formed had been dem onstrated experim entally  in v itro . The widely 
used approach fo r studying th e  func tions of these  ac id ic  organic 
macromolecules i s  to  examine in  various ways th e i r  e f fe c t on c ry s ta l  
nucleation and growth in v i tr o  system s. The k in e tic s  of c ry s ta l  growth 
have been measured in  the  presence of d iffe re n t m atrix  macromolecules under 
a v a rie ty  o f cond itions [84-873. Combinations of m atrix  components have 
been used to  d e tec t a co llab o ra tiv e  e ffe c t [881 and the a b i l i ty  of the  
dem ineralized m atrix  to  induce c ry s ta l  nucleation has been recen tly  
id e n tif ie d  [89,903. The manner in  which ac id ic  m atrix  macromolecules 
in te ra c t  w ith  d if fe re n t s tru c tu ra l  su rfaces  of various c ry s ta ls  have been 
examined. With an objective to  understand the  p rin c ip le s  th a t  govern the
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in te ra c tio n s  and to  gain  in s ig h t in to  the mechanisms by which these  m atrix  
c o n s titu en ts  reg u la te  c ry s ta l  growth in viva, Addadi and Veiner [913 have 
attem pted to  bu ild  a model system  to  b iom ineralization. They have adapted 
a s im ila r  method repo rted  on m echanistic s tu d ie s  of the  e ffe c t of " ta i lo r -  
made" low molecular weight ad d itiv e s  on the  growth of organic c ry s ta ls  
[92,933. These s tu d ie s  showed th a t  s te reo se lec tiv e  adsorp tion  of an 
ad d itiv e  onto a sp e c if ic  c ry s ta l  face r e s u lts  in  a d ra s t ic  decrease in  i t s  
growth ra te  re la t iv e  to  th a t  of unaffected faces. Since the  c ry s ta l  
morphology i s  determ ined by th e  re la t iv e  growth ra te  of the  slow est 
growing faces, th e  in te ra c tio n  of the  ad d itiv e  a ffe c ts  the  overa ll 
morphology. A nalysis of m orphological changes i s  th e re fo re  a means of p in ­
po in ting  the  sp e c if ic  c ry s ta l  faces  th a t  adsorb the  ad d itiv e  (thus 
increasing  in  re la t iv e  area) and thereby studying the  nature  of the 
in te ra c tio n s  between the  ad d itiv e  and the  growing c ry s ta l .
Addadi and Weiner [913 used d iffe re n t m atrix  macromolecules 
ex trac ted  from mollusc s h e lls  a s  th e  ad d itiv es  and the c ry s ta ls  of various 
calcium d icarboxy la tes  as  well as  c a lc ite  as  the  su b s tra te s . They have 
examined two c la s se s  of m atrix  macromolecules, the  a sp a r tic  a c id -r ic h  
p ro te in s  and s e r in e - r ic h  p ro te in  -  polysaccharide complexes th a t  a re  
p resen t in  m ineralised  t is s u e s  from widely varying phyla [723 which could 
perform d if fe re n t and p o ssib ly  cooperative ro le s  in c ry s ta l  growth in viva. 
They have shown th a t  a s p a r t ic  a c id - r ic h  p ro te in s  a f te r  binding calcium, a re  
capable of a c tiv e ly  inducing, reg u la tin g , and in h ib itin g  c ry s ta l  growth in 
v itro . However, s e r in e - r ic h  p ro te in s-po lysaccharide  complexes, under th e i r
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in v itro  cond itions, gave no no ticeab le  e ffe c t on the  growing c ry s ta ls .
Also i t  has been emphasised th a t  the  combined fa c to rs  of charge density , 
ion spacing and s tru c tu ra l  e f fe c t  may in p a r t con tribu te  to  the  
in te ra c tio n s , but they alone cannot account fo r  the  observed s p e c if ic i ty  
C913.
1 . 8 B I D M I M E T ! C  S Y S T E M S ;
Landau e t  a l  [943 developed a biamimetic system and used i t  
to  In v es tig a te  th e  p re c ip ita tio n  of a -g ly c in e  and sodium ch lo ride  under 
well organised two dim ensional macromolecular lay er which showed th a t  
s tru c tu ra l requirem ents a re  necessary  fa r  o rien ted  c ry s ta ll iz a tio n . For 
sodium ch loride , monolayers of p o sit^e , negative and zw itte rio n ic  charge 
induced c ry s ta l  nucleation  from faces of th e  type <100>, <110) and {1111, 
the la t te r  two faces not being n a tu ra lly  occurring. In a stereochem ical 
approach aimed a t  th e  understanding of c ry s ta l  nucleation on a molecular 
level the  o rien ted  c ry s ta l l iz a t io n  of glycine a t  a i r  -  so lu tion  in te rfa c e  
covered w ith monolayers of reso lved  a-amino ac id s  has been stu d ied  [953 in  
d e ta i l . Three d if fe re n t monolayers w ith d if fe re n t packing m otifs  of the  
po lar head groups were used. These re s u lts  implied th a t  the  packing of th e  
po lar headgroups determ ined th e  nucleation  ra te  and the  degree of 
o rien ta tio n  of the  a ttached  growing c ry s ta ls .  Landau e t  a l C963 repo rted  of 
th e ir  achievement of growing orien ted  c ry s ta ls  of the  a-form  of g lycine 
under c h ira l  two dim ensional film s of a-amino ac id s , by v ir tu e  o f a 
s tru c tu ra l match between th e  monolayers and the ac su rface  layer of the
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attached  growing glycine c ry s ta ls .  Such monolayers of a-amino acid  of re­
configu ra tion  con tain ing  long hydrocarbon chains, induce glycine to
c ry s ta l l iz e  w ith i t s  <010> face a ttached  to  the monolayer and by symmetry
othe corresponding S-amino acid  mon^Layers induce attachm ent of the  (0-10) 
face of g lycine. I t  was a lso  shown th a t  the  replacem ent of the  
fluorocarbon chain  induced analogous c ry s ta ll iz a tio n s , but, w ith only a 
p a r t ia l  degree of o rie n ta tio n , whereas monolayers o f a resolved amino acid  
bearing a ch o leste roy l moiety d id  not promote c ry s ta l l iz a t io n  of glycine. 
Monolayers of R- and S- amino ac id s  induce attachm ent of both (010) and 
(0-10) faces  o f g lycine. Thus they have c lea rly  dem onstrated th a t  when 
a-amino ac id s  are  immobilized and the  po lar amino acid  headgroups assume a 
s tru c tu re  s im ila r  o r id e n tic a l to  th a t  of one of th e  lay e rs  a t  a given face 
of a -g ly c in e , they promote o rien ted  nucleation both a t  th e  a ir /w a te r  and 
so lid /w a te r in te rfa c e s  from th ese  faces. So the  o rien ted  c ry s ta l l is a t io n  i s  
co n tro lled , p a r tly  by th e  stereochem ical recognition  between the  m ineral and 
th e  two dim ensional organic moiety, and p a rtly  by th e  packing arrangem ents 
o f the  compressed organic monolayers.
1 . 9 LAM.S.MUI. R FULL 11 S .-.X H  E I R ..R  R E R ft R f tIQ  M, 
a im iC I i iR E - . .f tN Q...F.RQP.ERT.IES ;
Monolayers have been known considerably  longer than  have 
m icelles o r v e s ic le s . Benjamin F ranklin  and Lord Rayleigh have 
in v estig a ted  th ese  monolayers tow ards the  end of the  l a s t  century 1973. 
Techniques fo r  monolayer handling, developed by Pockels C983, were
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stan d ard ised  in  th e  1930’s  [99-103] and improved in  th e  1970's [104-108], 
Since Langmuir and B lodgett's  pioneering work in  th i s  a rea  a f te r  whom these  
film s have been named, hundreds of m ateria ls  were s tud ied  in  th e  form of 
m ono-/m ulti-m olecular film s on water su rfaces, under normal ambient 
conditions of tem perature and p ressu re . These s tu d ie s  generally  f a l l  in to  
two ca teg o ries . The f i r s t  and by fa r  th e  most ex tensive ly  s tud ied  c o n s is ts  
of sim ple, non-polym eric substances which a re  s u b s ta n tia lly  inso lub le , but 
whose molecules have s u ff ic ie n t a t tra c t io n  fo r the  subphase to  perm it them 
to  spread and d isp e rse  a t  the  su rface . The second c la s s  c o n s is ts  of a wide 
range of polym eric m a te ria ls , including c e r ta in  p ro te in s  a s  well as 
sy n th e tic  polymers which a re  p o s itiv e ly  adsorbed a t  th e  liq u id /g as  
in te rface . Further, long chain carboxylic  acids, a lcoho ls, oximes, ketones, 
amines, ammonium s a l t s ,  su lphates and sulphonates have been used most 
frequently  as monolayer forming substances [97], Monolayers formed from 
phospholipids [109], porphyrins [110], ch lorophyll [111], po lypeptides [112] 
and polymers [113-115] have a lso  been investiga ted .
Most of these  monolayer forming substances a re  am phiphatic 
molecules con tain ing  a lk y l chains of twelve or more carbon atoms. The 
polar headgroups of th ese  su rfa c ta n ts  a re  a ttra c te d  to  and /or in  con tac t 
w ith water, th e  subphase, while th e ir  hydrocarbon t a i l s  p ro trude  above i t .  
When a so lu tion  o f film  forming molecules in  any of th e  w ater im m iscible 
so lven ts which a re  chem ically in e r t  and v o la tile  such as  chloroform , hexane, 
benzene, toluene, cyclohexane, e th y l e th e r , dimethylformamide and dimethyl 
sulfoxide i s  p laced on a water su rface , the  so lu tion  sp read s  rap id ly  to
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cover th e  a v a ilab le  area . As the  so lven t evaporates a monolayer i s  formed 
a s  d ic ta ted  by the  am phiphilic na tu re  of film  forming molecule. Among the  
so lv en ts  however, toluene and chloroform were found to  be heavy and 
exh ib ited  a slow evaporation ra te , while petroleum e th e r was l ig h t  and 
evaporated f a s te r .  The f a s t  evaporation of petroleum e th er was found to  
r e s u l t  in  agglom erates in  the  d ispersed  monolayer. Hence while using more 
v o la ti le  so lv en ts  lik e  petroleum e th er, low concentrated  so lu tio n s  were 
p re fe rred . But w ith chloroform , concen tra tion  was not so c r i t i c a l  C973. 
However, when a coherent film  i s  formed the  ind iv idual molecules have two 
d is t in c t  reg ions; a hydroph ilic  headgroup which i s  e a s ily  soluble in  w ater 
and a long/bulky hydrocarbon chain, which provides a  hydrophobic or 
o leo p h ilic  t a i l .  Fig. 1.3 shows an id ea lised  and a somewhat more r e a l i s t i c  
monolayer.
<±> Thi*nnndynm n1nR rrf mnn o l a y e r  f  mrnra-M rm : Water has the  unique
combination of p ro p e rtie s  on i t s  su rface  th a t  makes th e  aqueous phase by 
fa r  the  most favoured subphase fo r  Langmuir film  form ation. The nature o f 
the in te ra c tio n s  between the  w ater su rface  and inso lub le  monolayer a re  
qu ite  s ig n if ic a n t  and had been stud ied  in d e ta i l  t973. The su rface  of a 
liq u id  always has excess free  energy; th is  i s  due to  th e  d ifference  in  
environment between su rface  molecules and those  in  th e  bulk. In p a r tic u la r  
hydrogen bonding fo rces in  water tend to  s e t  up loosely defined networks 
th a t  w ill 'in ev itab ly  be modified near the surface. The themodynamics of 
liqu id  su rfaces  and the  in te ra c tio n s  of m ate ria ls  have been reviewed by 
Gaines [97], The su rface  tension  (<Y) of a plane in te rfa c e  i s  given
FIG. 1 .3 : DIAGRAM SHOWING AN IDEALIZED AND SOMEWHAT MORE REALISTIC MONOLAYER FORMATION
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by th e  p a r t ia l  d if f e re n tia l ,
V = (£G / 6&)f> ,T jni
where G is  th e  Gibbs free  energy of the  system, A i s  the  su rface  area and 
tem perature (T), p ressu re  (P) and com position (ni) a re  held constan t. The 
su rface  tension  of w ater i s  73 mU m-1 (dynes cm"1) a t  293 k and a t  
atm ospheric p ressu re . This i s  an exceptionally  high value compared to  most 
o th e r liq u id s  and goes some way tow ards w ater's  pre-eminence as a subphase. 
When a c la s s ic  monolayer forming m ate ria l 6uch as  s te a r ic  acid  i s  spread 
on th e  w a te r-a ir  in te rface , th e  so lu tio n  spreads rap id ly  to  cover the 
av a ilab le  area, th e i r  in te ra c tio n s  a re  sm all, as th e  d is tan ce  between the 
molecules i s  la rge , and th i s  can be regarded as forming a two dimensional 
gas. Under th ese  cond itions the  su rface  monolayer has re la tiv e ly  l i t t l e  
e ffe c t on th e  w ater 's  su rface  ten sio n . When the  b a r r ie r  system i s  used to  
reduce th e  area of th e  su rface  av a ilab le  to  the  monolayer, the  molecules 
ex ert a  repu lsive  e f fe c t  on each o ther. This two dim ensional analogue of a 
p ressu re  i s  re fe rre d  to  as  su rface  p ressu re  <TT). Far a plane surface a t  
equilibrium  the re la tio n sh ip , TT = Y - Yo, holds good, where Y i s  the  surface  
ten sio n  in  the  absence of the  monolayer, Yo i s  th e  value when the  monolayer 
i s  p resen t. I t  follow s th a t  the  maximum p o ssib le  su rface  p ressu re  fo r a 
monolayer on a w ater surface  a t  293 K i s  73 mJT m_1, but normally 
encountered values a re  much lower [97].
< il>  R n r f a n p  p r ^ ^ i i T ^ - a r ^ f i  iR n t.hP nnR ; The s in g le  most im portant 
in d ica to r of th e  monolayer p ro p e rtie s  o f a m ateria l i s  given by a p lo t of 
su rface p ressu re  as a function of a rea  of water su rface  av a ilab le  to  each
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molecule. This i s  c a rr ie d  out a t  co n stan t tem perature and is  accordingly 
known a s  a su rface  p re ssu re /a rea  isotherm , and i s  o ften  abbreviated  to  
'iso therm ’. Equilibrium  values could be measured on a po in t to  p o in t b a s is , 
but i t  i s  more commonly recorded as  a pseudo-equilibrium  isotherm  by 
com pressing th e  film  a t  a co n stan t r a te  while con tin u a lly  m onitoring the  
su rface  p ressu re . Depending on the  m ate ria l being in v estig a ted  repeated 
com pressions and expansions a re  used n ecessa rily  to  achieve a reproducible 
tra c e . A number of d i s t in c t  reg ions have been id e n tif ie d  on examining the  
isotherm  and stud ied  in  d e ta i l  [97-1121. When th e  su rface  area i s  reduced 
from i t s  i n i t i a l  high value th e re  i s  a gradual onset o f surface  p ressu re  
u n til  an approxim ately h o rizo n ta l reg ion  i s  reached. In th e  horizon ta l 
region th e  hydrophobic chains which were o rig in a lly  d is tr ib u te d  near th e  
water su rface , a re  being l i f te d  away. The su rface  p ressu re  a t  which th is  
occurs i s  usually  very  sm all ( < 1 mU m_1 > C973 because of the  weakness of 
in te ra c tio n  between water and th e  ta il-g ro u p s . A fter th i s  unresolved p a rt 
of the  isotherm  th e re  follow s a second abrupt t ra n s i t io n  to  a s teep ly  
sloping  lin e a r  reg ion , where th e  co m p ress ib ility  'c ' defined by the  equation, 
C = -1/A <£A/dE>T.R.ni, i s  approxim ately constan t.
At su rface  a reas  over 20 A2/molecule th e re  i s  an abrupt increase of slope. 
This i s  c le a r ly  due to  a phase change and rep re sen ts  a tra n s i t io n  to  an 
ordered s o lid - l ik e  arrangem ent of th e  two-dim ensional a rray  of molecules. 
The com p ressib ility  in  th i s  reg ion  i s  a lso  co n stan t, but i s  lower by about 
a fa c to r  of 10. I f  t h i s  second lin e a r  po rtion  of the isotherm  is  
ex trapo lated  to  zero su rface  p re ssu re  the  in te rc ep t g ives the  area per
3 2
molecule of th e  film  th a t  would be expected fo r the hypothetical s ta te  of 
an uncompressed close-packed layer. The in te rp re ta tio n  of the  TT-A 
behaviour of monolayers (gaseous, liqu id , so lid ) in  uncondensed, p a r t ia l ly  
condensed and fu lly  condensed film s conventionally  followed a two 
dim ensional k in e tic  a n a ly s is  corresponding to  the  three-dim ensional id ea l 
gas theory  and ignored the  subphase liqu id . This approach simply assumes 
[1163 th a t  th e  molecules of th e  film  move about with average k in e tic  energy 
of 1/2 kT (k i s  th e  Boltzman constan t, 1,3805 x 10“1<5 mN m-1 deg-1 
molecule-1 > fo r  each degree of freedom. The two dimensions in  the  plane of 
the  su rface  lead  to  a k in e tic  energy of kT which is  assumed to  produce the  
surface  p ressu re , and th is  leads to  an id ea l two dim ensional gas equation 
IT A = kT
I f  IT is  in  mN m-1 and A i s  Aa /molecule, th e i r  product should be 411.7 a t  
298 K. If  th i s  ideal gas equation were obeyed th e  su rface  p ressu re  would 
be expected to  be about 1 mN m-1 a t  400 A2/molecule about 0.5 mN m-1 a t  
800 Aa /molecule and about 0.1 mN m-1 a t  about 4000 A2/molecule. The 
k in e tic  a n a ly s is  o f monolayer rev ea ls  th a t  the  ideal gas behaviour, which 
ignores th e  subphase liq u id  molecules i s  obviously open to  considerable  
c r itic ism . A fundam entally more s a tis fa c to ry  way to  t r e a t  extrem ely 
d ilu te  inso lub le  lay ers , i s  th e  thermodynamic considera tion  of an osm otic 
equilibrium , in  which one component, th e  monolayer substance, i s  constra ined  
to  remain in  th e  su rface  while the  o ther (the subphase liq u id ) i s  
eq u ilib ra ted  throughout th e  system . The su rface  p ressu re  observed i s  then  
the  r e s u lt  of th e  lowering of the  chemical p o te n tia l of the  subphase
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molecules in  th e  su rface  lay er due to  th e ir  d ilu tio n  by film  forming 
molecules. The film  p ressu re  "i i s  equated to  the  d ifference  in th e  chemical 
p o te n tia l of th e  subphase liq u id  between the  su rface  and the  bulk. Vhen 
the  usual in f in i te  d ilu tio n  approxim ations fo r  both bulk and su rface  a re  
introduced, equation TTA = kT again re su lts . The experim ental re a lis a tio n  
of th i s  behaviour however, i s  more d if f ic u l t .  D eviations from ideal gas 
behaviour were shown by p lo ttin g  TTA ag a in s t IT o r A. Various a ttem pts have 
been made to  allow fo r  such im perfect gas behaviour. I t  i s  p o ssib le  to  
believe th a t  th e  molecules in  gaseous monolayers l ie  nearly  f l a t .  On the  
b a s is  of evidence i t  i s  suggested th a t  the  average configuration  in  a 
gaseous monolayer i s  more nearly  f l a t  than  v e r tic a l ly  extended. At the  
opposite extrem e a re  the  condensed film s, in  which th e  molecules a re  
arranged in  n early  th e ir  c lo s e s t  p o ssib le  packing. Condensed monolayers of 
the long chain  f a t ty  ac id s , a lcohols and g lycerides were the  substances 
stud ied  by Langmuir in  h is  work on insoluble monolayers Cl 173. In those 
film s, he has shown th a t  th e  molecules stand  u p rig h t w ith th e ir  term inal 
po lar groups in  w ater and th e i r  long chains c lo se ly  packed. The p re ssu re - 
area p lo ts  were nearly  s t r a ig h t  and very steep  in d ica tin g  low 
co m p ressib ility  in  the  condensed lay ers . This re f le c ts  the  presence of 
s tro n g  chain -cha in  in te ra c tio n s  which hold the  molecules in  th e ir  c lo s e s t-  
packed arrangem ent, w ith l i t t l e  dependence on th e  su rface  pressure . In 
condensed film s of homologous s e r ie s  of long chain compounds, th e  TT — A 
diagrams show l i t t l e  v a ria tio n  w ith chain length , the  area occupied by a 
molecule being s u b s ta n tia lly  independent of the number of carbon atoms in
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the sa tu ra ted  chain. For a s in g le  long chain, the  area i s  about 
20A2/molecule, alm ost th e  same as the  c ro s s -se c tio n a l a rea  in  the  bulk 
c ry s ta l  determined by X-ray measurements Cl 18]. E lectron d if f ra c tio n  
s tu d ie s  on monolayers tra n s fe rre d  to  so lid s  confirm th a t  the  chains a re  
o rien ted  nearly  v e r t ic a l ly  w ith re sp ec t to  th e  su rface . For more complex 
molecules, th e  area  in  a condensed film  is  generally  q u ite  c lo se  to  th a t  
found fo r  the  ap p ro p ria te  p ro jec tion  of molecular model. C holestero l, fo r  
example occupies about 40 A2/molecule in  i t s  condensed film , and th i s  i s  
very nearly  th e  c ro s s -se c tio n  of a model of the  ch o les te ro l r in g  system . 
This fa c t provides im portan t confirm atory  evidence fo r th e  rev is io n  of the  
s tru c tu re  of s te r o ls  [973.
Phase t r a n s i t io n s  of phospholipid monolayers have been 
analysed in  term s of th e i r  su rface  p ressu re -a rea  isotherm s, and su rface  
area-tem perature  iso b a rs  [119,1203. From the  data  av a ilab le  the  presence of 
four d if fe re n t phases could be seen. Below 15°C, two d if fe re n t c ry s ta l l in e  
phases were repo rted  and above 26°C, two flu id  phases were shown. Between 
15 and 26°C, th e  su rface  p re ssu re -a rea  isotherm s have shown an ideal g a s- 
l iq u id -so lid  monolayer form ation. Ionization of monolayers have been 
stud ied  by Davies and Rideal [1213. Many monolayer forming m a te ria ls  
con tain  functional groups th a t  ionize under ac id ic  and b a s ic  cond itions.
The ex ten t of io n iza tio n  depends on th e  surface pH (pH») which i s  re la te d  
to  th e  bulk pH (pHt,) by pH» = pH* + ey/2.3kT where, y i s  the  
in te r fa c ia l  p o te n tia l. Change of su rface  p ressu re  due to  io n iza tio n  is  
given by, ATT = TT -  TTo = -  edy , where iu and jt0 a re  su rface  p ressu res  of
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the ionized and non-ionized monolayers, and e is  the  su rface  charge d en sity . 
Ionic monolayers contain  bound and free  counterions th a t, lik e  those in  
m icelles, s e t  up an e le c tr ic a l  double layer. However, e le c tr ic a l  double 
layer th e o rie s  a re  incomplete fo r  monolayers and d e ta iled  experim ents are  
scarce. Counterion e f fe c ts  on monolayer surface a rea-p ressu re  isotherm  are  
s im ila r  to  those  on m icelles. The order of in te rac tio n  fo r the follow ing
monolayers has been s tu d ied  C1223. For RCOO~ monolayers, the  order follow s
as : Li"" > Ha"* > > Me^ H'*' > Et^H-”. For RSO*-  monolayers, th e  order
follow s as  : Cs*" = Rb^ > K"- > Ha* > Li"*-. For R-N- (CH3>3^ monolayers, the
order follow s as: SCR- > I~ > NO*- > Br" > Cl~ > F~ . For R-ffH (CHa)*- and
RUH3'*' monolayers, the  o rd er follow s as: Br~ > Cl~.
The su rface  v is c o s ity  of th e  monolayers re la ted  to  
molecular a sso c ia tio n  have a lso  been studied . The m u lti-v a len t ions have 
g rea t e f fe c ts  on the  v is c o s ity  and s o lu b ility  of monolayers [1233. The 
su rface  v is c o s i t ie s  of monomolecular film s of 14, 16,18 carbon chain 
a lip h a tic  a lcoho ls amines, ac id s  and amides were measured as functions of 
film  p ressu re , su b s tra te  pH and the  r a te  o f flow of the  film  C1243. The
ion iza tion  of monolayers can be caused even by tra c e  im purities in  th e
su b s tra te  a p a r t from pH [1253. However fo r  s te a r ic  acid  monolayers d e sp ite  
increasing  ion iza tion  th e  condensed nature  of the film  was repo rted  to  be 
unchanged up to  pH 9 C823. The su rface  area, the re s is ta n c e  to  evaporation  
and the  su rface  v isc o s ity  were measured fo r substances such as e s te r s ,  
acid s and a lcoho ls, as a  function  of su rface  pressu re  [1263. The monolayer 
perm eability  to  gases and th e  d iffe ren ces  between bulk and monolayer
3 6
processes were d iscussed  in  term s of p ro p e rtie s  such as  p a r t i t io n  a t  
in te rfa c e s  and den sity  flu c tu a tio n s  a t  equilibrium  [127]. The monolayer 
p ro p e rtie s  of s te a r ic  acid have been examined upon su b -so lu tio n s  of pH 2-11 
and reported  C1283 th a t  a t  pH 9, th e re  were marked changes in  the 
e le c tr ic a l  c h a ra c te r is t ic s  and cohesion of th e  monolayer. The pronounced 
e ffe c t of Ca2-*- and Kg2-*" on the  monolayers was used to  estim ate  the  
d isso c ia tio n  co n stan ts  of complexes of th ese  m etals w ith various 
sequestering  agen ts. The in f ra  red  techniques were used [129] to  determ ine 
the e ffe c t of pH on the  com position of s te a r ic  acid film s on su b s tra te s  
contain ing  d ilu te  so lu tio n s  o f lead, copper, calcium, barium, sodium and 
quaternary  ammonium s a l t s ,  and repo rted  th a t  the pH reg ion  a t  which 
in te ra c tio n  o f s a l t s  with th e  film  occurs i s  c h a ra c te r is t ic  fo r  a p a r tic u la r  
s a l t  and i s  h ighly  se n s itiv e  to  changes in  pH. The frequency and the  shape 
of th e  carboxylate  absorp tion  band, and th e  e ffe c t of hydra tion  and pH on 
band c h a ra c te r is t ic s  suggest th a t  beryllium  and barium ions form both 
calcium -type complexes and more ion ic  barium -type complexes [130].
The unique c h a rac te riza tio n  by in fra red  re f le c tio n -  
abso rp tion  spectroscopy in  th e  deduction of o rd e r-d iso rd e r tran fo rm ations 
accompanying in te ra c tio n s  of a h igh ly  orien ted  monolayer w ith physica l or 
chemical ex te rn a l agen ts i s  a lso  dem onstrated [1311. The o rie n ta tio n  and 
bonding of L-B monolayers of s te a r ic  acid  and i t s  deu te rla ted  analogue 
deposited  on p o ly c ry s ta llin e  gold and native-ox ide  aluminium film s were 
a lso  determined by in fra  red re fle c tan ce -ab sa rp tio n  spectroscopy [132].
Bagg e t  a l [133] have stud ied  sp e c if ic a lly  the  e ffe c t of Ca2"* ions
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containing sodium phosphate, sodium bicarbonate or ammonium ch lo ride  as  a 
buffer on s te a r ic  acid  monolayers. Surface p o te n tia ls  <AV) of 
monomolecular film s of n-long chain a lcohols <n=16, 18, 20 and 22> were 
measured using th e  ion izing  e lec trode  method [134] and in te rp re ta tio n s  were 
given in term s of molecular in te ra c tio n  and o rien ta tio n  of various film s a t  
d iffe re n t p ressu res . Apart from pure organic substances, some acid  s a l t s  
such as copper s te a ra te , n ickel s te a ra te  and zinc s te a ra te  were a lso  stud ied  
as monolayers [135]. S tea ric  acid  monomolecular film s on calcium ch lo ride  
su b -so lu tio n s  were ch arac te rized  a t  a su rface  p ressu re  of 31 mlf m*-1 over 
the pH range 2-9  by film  area, su rface  p o ten tia l, su rface v isco s ity , 
monolayer uniform ity  and s ta b i l i ty  measurements [136]. The su rface  film  
p rim arily  co n sis ted  of unionized s te a r ic  acid  molecules in  the  pH range 
2 -  4.2, and then behaved as a mixture of s te a r ic  acid  and calcium 
.d is tea ra te  molecules w ith increasing  sub-so lu tion  pH. However, upon 
exceeding pH 6.4, a s tru c tu ra l  rearrangem ent occurred as th e  ionized 
molecule began to  a sso c ia te  in to  calcium s te a ra te  su rface  m icelles. The 
c lose  packed monolayer, although uniform below pH 8 was shown to  become 
non-uniform a t  h igher pH values. Vhen th e  s te a r ic  acid monolayers a re  
compressed to  so lid  phase, a slow co llapse  process occurs as c r y s ta l l i te s ,  
in term ediate  m ultilayer s tru c tu re s  and bulk phase m ateria l gradually  form 
[137]. At sm aller su rface  a reas  th e  phenomenon of co llapse  occurs and the  
co m p ressib ility  approaches in f in ity . The onset of co llapse  depends g rea tly  
on such fa c to rs  as th e  nature of the  film  and the  ra te  a t  which th e  film  is  
being compressed. In th i s  type of co llapse  i t  i s  believed th a t  molecular
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layers  a re  r id in g  on top of each o ther and d isordered  m u ltilayers a re  
formed [973.
However^ th e  shape of th e  isotherm  depends g rea tly  on 
tem perature and a number of d if fe re n t phase tr a n s i t io n s  were reported  to  be 
observed when th e  tem perature varied  [1153. A wide in v estig a tio n  of a 
range of homologues of s te a r ic  acid  has shown th a t  a reduction in  chain 
length  can be to  some ex ten t, traded  fo r  an increase  in  tem perature. The
co llapse  p ressu res  and co llapse  r a te s  of nine d if fe re n t su rfa c ta n t 
monolayers including s te a r ic  acid  and octadecanol have been stud ied  in  
d e ta i l  [1383. The su rface  p re ssu re -a rea  curves of mixed monolayers of 
ch o les te ro l w ith n-long chain fa t ty  ac id s  were analysed a t  various 
com positions and tem peratures, and reported  th a t  th e  a rea  occupied by the  
monolayer of f a t ty  acid  is  somewhat sm aller by the  ad d ition  of ch o les te ro l 
[1393. Barnes [140] has shown th a t  the  apparent evaporation of water 
depends on th e  monolayer perm eation and i s  thus re la te d  to  the  re s is ta n c e  
o f a monolayer to  the  evaporation of w ater on which i t  i s  spread. The 
appearance of h y s te re s is  was observed fo r ch o les te ro l monolayers and was 
co rre la ted  fo r th e  permanent lo ss  of molecules from the  monolayer occurring 
during com pression which was proved to  be dependent lo g arith m ica lly  on the  
com pression ra te  [1413. The e ffe c t of pH on the  s ta b i l i ty  study of s te a r ic  
acid  and octadecanol film s on w ater a t  various pH by measuring the  area of 
the  film  under a constan t p ressu re  was a lso  examined [1423.
Some new o p tica l and x -ray  techniques have been developed 
and applied  to  surface s tu d ie s  [1433. Among th ese  techniques th e  x -ray
r e f le c t iv i ty  has been previously  used to  determ ine the  den sity  p ro f ile  a t  a 
liquid-vapour mercury in te rfa c e  [144] as  well as  the su rface  roughness of 
water. However the new p rospect on th e  p ro p e rtie s  of Langmuir monolayers 
has been opened up when Bosio e t  a l  1145] s tud ied  the  roughness of film s on 
water subphase using x -ray  r e f le c t iv i ty .  Later the  f e a s ib i l i ty  of the 
technique a s  a non-invasive s tru c tu ra l  probe fo r liq u id  su rfaces has been 
dem onstrated by studying th e  s tru c tu re  of an insoluble monolayer spread on 
an aqueous subphase contain ingt«esium  ch lo ride , cadmium ch lo ride  and 
lanthanum ch loride. The pH dependence of the  amount of bound cadmium has 
been used to  show th a t  a pk® value of 5.35 ± 0.05 d escribes th e  conversion 
from acid  to  cadmium soap [1461.
The form ation of su rface  film s of am phiphilic polymers a t  
the a ir-w a te r  in te rface , the  t r a n s fe r  of th ese  su rface  film s to  so lid  
su b s tra te s  by means of Langm uir-Blodgett technique, and the s tru c tu re  of 
the tra n s fe rre d  film s have been in v estig a ted  using proton n.ra.r 
spectroscop ic  methods which revealed th a t  th e  tra n s fe rre d  film s m aintained 
the orien ted  s tru c tu re  o f the  monolayers a t  th e  in te rface  [147]. The 
polym erization leading to  s u b s ta n tia l s tru c tu ra l  changes and th e  k in e tic  
changes were studied  using u.v spectroscopy, sm all angle x -ray  sc a tte r in g  
and scanning e lec tron  microscopy [1481. The f i r s t  determ ination of 
s tru c tu re  fo r  c la s s ic a l  monolayer system s < f a t ty  acid  and alcohol) on th e  
surface of water, based an the  observation  of f i r s t  and second order 
d iff ra c tio n  peaks, th a t  showed a d is to r te d  hexagonal s tru c tu re  with 
orthorhombic c e ll  dim ensions, were repo rted  by Bohanon e t  a l [149]. In s i tu  
m icroscopic an a ly s is  leading to  s t ru c tu ra l  inferences have been studied  by
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x -ray  d if f ra c tio n  s tu d ies  of organic monolayers on the surface of water 
[1503. Along with normal conventional methods, co n tro llin g  the  micro 
s tru c tu re  of monomolecular lay e rs  has been reviewed on the  range of la te ra l  
s tru c tu re s  which have been deduced using the  newly developed techniques of 
fluorescence microscopy and x -ray  s c a tte r in g  [1513. The packing 
arrangem ent of a f lo a tin g  monolayer of pa lm itoy l- (R )-lysine a t  th e  a i r -  
w ater in te rface  by g ra tin g  incidence x -ray  d if f ra c tio n  and re fle c tio n  
measurements were determined [1523. Monolayers of the  lip id  a rach id ic  acid  
<C2o> and of the  phospholipid d im yristoy lphosphatid ic  acid  have been 
stud ied  by x -ray  re f le c tio n  and d if f ra c tio n  techniques [1533. The s tru c tu re  
of the  monolayer of heneicosanol on w ater in  the  region of near c lose  
packing was studied  by g ra tin g  incidence in -p lane  x -ray  d if f ra c tio n  and 
th a t  had revealed a kink, s ig n a llin g  a phase t ra n s i t io n  in  the monolayer 
[1543.
The dependence of the  p ro p e rtie s  of monolayer on th e  
subphase so lu tion  tem perature was stud ied  in  d e ta i l  [973. By decreasing the 
tem perature, the  condensation of the  molecular layers  was found to  be ?. ' : 
made e a s ie r  as the  therm al s ta b i l i ty  i s  enhanced. However, i t  was shown 
th a t  by lowering the tem perature, the  v is c o s ity  of th e  monolayer increases, 
thus making th e  monolayer b r i t t l e .  High tem peratures in co n tra s t cause the  
film s to  expand and u ltim a te ly  re s u lt  in  therm al fo rces overcoming the  
ra th e r  weak vander V a a ls  binding fo rces which hold th e  molecules together.
Among th e  many ap p lica tio n s  of mono- and m u lti- lay ers , the 
th ick n ess  gauge was one of the  very few devices to  re s u lt  from th e  in tense
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in te re s t  during the  1920's and th e  1930's. Today a number of other 
possib le  ap p lica tio n s  fo r th in  film s have presented them selves. One 
prom ising ap p lica tio n  fo r  LB-films concerns th e ir  use as  f in e - lin e  
lith o g rap h ic  r e s i s t  m a te ria ls  in  the  fab ric a tio n  of very  la rge  scale  
in teg ra ted  c irc u its .  Research i s  a lso  being conducted in to  th e  p o s s ib il i ty  
of incorpora ting  LB-films in to  e lec tro n ic  devices. One re la tiv e ly  sim ple 
ap p lica tion  i s  the  th in  film  gas d e tec to r. The e le c tr ic a l  conductiv ity  of 
the phthalocyanines, fo r example, has been shown to  a l te r  in  the  presence 
of c e r ta in  ox id is ing  am bients. LB-film m a te ria ls  have a lso  been put to  use 
as sem i-conductors [155,156]. LB-films as  adsorbed on am phiphiles on 
so lid s  fo r  c a ta ly s is , enzyme a c t iv i ty  on so lid s  and m etal im plants 
(throm bosis and blood co m patib ility ) a re  same of th e  recen t ap p lica tio n s . 
Recently, s c ie n t i s t s  have used monomolecular film s a s  organised organic 
m atrices fo r the  orien ted  c ry s ta l l iz a t io n  o f glycine and sodium ch loride.
The s tru c tu re  of th ese  monolayers could be co rre la ted  w ith th e  c ry s ta l  
faces formed underneath them [94-963.
1 . 1 0  C R Y STA L STRUCTU.FLE-S.— O.E. CALCI UM 
C A R B O N A T E ;
Calcium carbonate occurs in  nature in  f iv e  c ry s ta ll in e  forms. 
Three anhydrous forms of calcium carbonate, c a lc ite , a ragon ite  and v a te r ite , 
two hydrated c ry s ta ll in e  phases, monohydrate and hexahydrate and amorphous 
calcium carbonate are  a l l  known in b io log ica l system s (see sec tion  1.2). 
Dolomite, CaMg(C03>2 i s  a widely d is tr ib u te d  geological m ineral. On the
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b a s is  of lim ited  evidence * h u n tite , HgsCaCCOs)* may a lso  be p resen t in th e  
m ineralizing  f ro n t during th e  form ation of enamel. In view of the  
ubiquitous presence of sodium ion in  b io log ica l system s, i t  i s  conceivable 
th a t  the  sodium calcium carbonates, s h o r ti te , Na2Ca2 <C03>3 , p irs so n ite ,
CaBaz<003)3*. 2EZ0 o r g a y lu ss ite , CalfazCCOs)^. 5Hs>0 may p a rtic ip a te  in 
b io lo g ica l m inera lization  a t  le a s t  in  a tra n s i to ry  form. Two fu r th e r  forms, 
c a lc ite  II and c a lc ite  II I  a re  s ta b le  a t  high p ressu res . C alcite  and 
v a te r i te  have hexagonal space groups ( R3c, P63inmc), a ragon ite  i s  
orthorhombic CPmcn) and th e  hexahydrate is  psuedodohexagonal. The plane of 
the  carbonate ions l ie s  perpendicular to  the  hexagonal or psuedohexagonal 
ax is  in  c a lc ite  and aragon ite , and p a ra l le l  to  a s im ila r ax is  in  v a te r i te  
and hexahydrate.
<i> CALCITE: The s tru c tu re  of c a lc ite  mimics th a t  of the  cubic c lose
packed s tru c tu re  of sodium ch lo ride  by compression along the  t r i a d  ax is  
w ith calcium and carbonate  ions rep lac ing  resp ec tiv e ly  sodium and ch lo ride  
ions. The compression along th e  t r i a d  ax is  g ives a rhombohedral c e l l  to  
c a lc ite  such th a t  the  th ree  rhomb edges meeting a t  the t r ia d  ax is  make an 
angle of 101°55' w ith each o th er in s tead  of 90°. This c e ll  i s  no t the  u n it  
c e ll  as successive CO3 t r ia n g le s  p o in t in opposite d irec tio n s , hence the 
p rim itiv e  c e ll  con tains two CaCOs (Fig. 1.4A). The tr ian g u la r  C032~ groups 
occur h a lf  way between Ca2"* lay ers  and each oxygen has two calcium n ea res t 
neighbours (Fig. 1.4B). The d is tan ce  between calcium layers  i s  2.86 A and 
the  d is tan ce  between calcium ions in  the  same layer is  4.99A. Each Ca2-  ion












FIG. 1 .4 : (A) CALCITE RHOMBOHEDRAL UNIT CELL AND CLEAVAGE 
RHOMBOHEDRAL CELL SHOWING THE POSITION OF CALCIUM AND 
CARBONATE IN THE CRYSTAL STRUCTURE and (B) THE POSITION OF 
CARBONATE GROUPS IN CALCITE.
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i s  coordinated by s ix  oxygen atoms. The Ca-0 d is tan ce  i s  2.38 A and C-Q 
i s  1.3 A.
Jn modern c ry s ta llo g rap h ic  usage the  symmetry of the  c a lc ite  
un it c e l l  as well as of th e  whole s tru c tu re  is  summarised by the  spacegroup 
R3c-D3d. This l a t t e r  was assigned  by Schiebold [157] and by Wyckoff [158] 
in  th e ir  exam inations of the  s tru c tu re . C alcite  has local po in t of 
symmetry of the  group 32. The hexagonal un it c e ll  which is  rhombohedrally 
cent/f^d has c e ll  con ten ts 6CaC03 . The c e ll  param eters are: a.; 4.9896 A, 
q:17.0610 A. The p o s itio n s  in  the  u n it c e ll  are:
Ca in  6 (b ): 0 0 0
C in  6 (a): 0 0 1/4
0 in 18(c): x 0 1/4 where x=0.2568.
Vhen dealing  with rhorabohedral c a lc ite , one might use e ith e r  rhombohedral 
or hexagonal ax ia l system s. The prim ary advantage of the  hexagonal ax ia l 
system l ie s  in the d isp o s itio n  o f the  axes re la tiv e  to  one another. The 
th ree  &-axes, of equal length , in te rs e c t a t  angles of 120°  w ith re sp ec t to  
one another and l ie  perpendicular to  the  c. ax is. Since the  lin e  connecting 
the ap ices of the  rhombohedron is  the  th ree  fo ld  ax is , a l l  l a t t ic e  p o in ts  in 
a rhombohedron are  well described  using a hexagonal a x ia l system . Owing 
to  the  presence of fourth  ax is  (a3 ) used in the hexagonal a x ia l system , 
four-sym bol Mi H er-B rava i s  ind ices (h ,k ,i,l) are used, where h+k+i=0. This 
arrangem ent makes i t  re la tiv e ly  easy to  v isu a lise  geom etric a sp ec ts  of the  
c ry s ta l  s tru c tu re , e sp ec ia lly  p lan ar fea tu res  a t  d is t in c t  levels  along the  c. 
ax is . In c a lc ite  the  he ig h ts  of hexagonal c e l ls  a re  same as  fa r  the acute 
rhombohedral c e lls , although they contain  6CaC03 and i s  t r ip ly  p rim itiv e .
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Modern d e sc r ip tio n s  of c a lc ite  c ry s ta ls  are  given alm ost exclusively  in  
term s of hexagonal c e ll . Much of the  o lder l i te ra tu re  uses a rhombohedral 
d esc rip tio n , which may be based on e ith e r  th e  tru e  u n it c e l l  o r the 
morphologic c e l l  (also ca lled  a cleavage c e ll) .
The basic  configura tion  of the  carbonate group i s  found to  
be rem arkably uniform in  c a lc ite . In i t s  general form the  carbonate group 
resem bles an e q u ila te ra l t r ia n g le  w ith oxygen atoms a t  the  co rners  and a 
carbon atom a t  th e  cen tre . Lippmann C159) in  h is  recen t s tru c tu ra l  data 
fo r COa groups showed th a t  th e  mean value fo r  the  O-C-O angle to  be 120° 
in  agreement w ith the  ideal value. He found th a t the mean C-0 bond length 
to  be 1.284 A which i s  in  good agreement w ith the  ideal value of 1.30 A.
For oxygen atoms in  COs2 -  th e  bond length  i s  2.22 A. Based on the 
uniform ity of bond leng ths and angles, i t  i s  reasonable to  assume th a t  the  
COa group i s  a f a i r ly  r ig id  s tru c tu ra l  u n it with s tro n g  covalency in  
ch arac te r. In general the  C-0 bond w ill be considerably  s tro n g e r than  the 
Ca-0 bond s tre n g th . In c a lc i te  the  C-0 bond s tren g th  is  four tim es th a t  of 
th e  Ca-0 bond. The cleavage plane <10.4> i s  the  one th a t  breaks th e  le a s t  
number of Ca-0 bonds and no C-0 bonds. This exp lains the  normal ex istence 
o f th e  rhombohedral <10.4> form of c a lc ite  C160],
In c a lc ite  s tru c tu re , th e  lay ers  of calcium atoms a lte rn a te  
w ith carbonate lay ers  along th e  c. a x is , COa groups have lik e  o rien ta tio n  
in  th e  same layer, but th e  reversed  o rien ta tio n  in  the  successive layers. 
Thus the tra n s la t io n  along c. d ire c tio n  to  s im ila r layers  i s  doubled in 
comparison w ith analogous tra n s la t io n  in  the  NaCl. Perhaps a b e tte r
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d esc rip tio n  of tlie  s tru c tu re  i s  provided i f  the p o sitio n  of the oxygen 
atoms a re  re fe rre d  to  a p a tte rn  of hexagonal close packing. While only 
approximate, th i s  analogy does show the  o rien ta tio n a l re la tio n sh ip  among 
carbonate groups in  successive lay ers . Within a given layer of 
hexagDnally-packed oxygens, carbon atoms are  introduced such th a t  oxygen 
coord inates w ith only one carbon re su ltin g  in a hexagonal d is tr ib u tio n  of C 
in  th a t layer. Calcium atoms then f i l l  those octahedral in te rs t ic e s  
(between oxygen lay ers) th a t  avoid coordination w ith two oxygens of the  
same C03 group since  th a t  0 -0  d is tan ce  would be very sh o rt. Carbon atoms 
in  successive oxygen lay e rs  a re  d is tr ib u te d  so as to  avoid superposition  
over e ith e r  calcium or carbon atoms in  adjacent ca tio n  and C03 lay ers .
This ensures calcium i s  then coordinated to  6 oxygens, each belonging to  
d if fe re n t carbonate groups. The u n it tra n s la tio n  along the  d ire c tio n  of 
s tack ing  i s  equivalent to  th e  he igh t of the carbonate lay ers . In r e a l i ty  
th e  oxygens a re  not c lo se s t  packed, and in  fa c t th e  ideal hexagonal p a tte rn  
i s  a tta in ed  owing to  the  fojr£-shortening of the 0 -0  d is tan ce  (2.22A) w ith in  
the  carbonate groups. In c a lc ite , th e  sh o r te s t 0 -0  d is tan ces  between 
d if fe re n t carbonate groups a re  3.19A across C03 planes and 3.26A w ith in  the  
plane, both considerab ly  la rg e r  than  tw ice the  e ffec tiv e  ion ic  rad iu s  of 
oxygen (2.72 A).
< i± )  ARAGONITE; The second most s ta b le  form of calcium carbonate, 
a ragon ite  i s  re la ted  to  th e  n ick e l arsen ide  s tru c tu re  by compression along 
the  hexad ax is , again because of th e  p lanar C032 - ions. The arrangem ent of 
carbonate in  aragon ite  tS shown in  Fig. 1.5(A). All C032 - groups which l i e
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FIG. 1 .5 :  (B) THE ARRANGEMENT OF CALCIUM AND CARBONATE 
IN ARAGONITE. ALL CABONATE GROUPS LIE IN A ROW PARALLEL 
TO THE C AXIS.
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in  a row p a ra l le l  to  the  a. a x is  a re  s im ila rly  orien ted , but groups which l ie  
in  a row p a ra l le l  to  the  (110) plane po in t a lte rn a te  ways and /or d isplaced 
up and down in  the  d ire c tio n  of th e  o. ax is  show th a t  although th e  Ca2-  
ions are  in  a hexagonal a rray , the  o v era ll symmetry i s  arthorhom bic (Fig. 
1.5E). The u n it c e ll  con ta in s  four CaC03 . The d is tan ce  between Ca2+ layers  
i s  again 2.86 A.
In c a lc ite , the  Ca atoms in  a layer l ie  a t  the co m ers  of an
e q u ila te ra l tr ia n g le  o f s id e  4.96 A, whereas in aragonite  one s id e  of the
corresponding tr ia n g le s  i s  4.94 A and the  o ther two are  4.66 A. The Ca-0 
d is tance  i s  g re a te r  than in  c a lc ite , and each Ca2-  ion i s  coordinated by 9 
oxygen atoms, but the  C-0 d is tan ce  i s  the same. The space group is  
Pmcn (D2m>.
<111 > VATERITE: The m etastab le  form of calcium carbonate, v a te r i te  has
a n ickel a rsen id e -re la ted  s tru c tu re , but re ta in s  hexagonal symmetry with 
Ca2-  ions in  a p rim itiv e  hexagonal la t t ic e  and C032 - in  an extended 
hexagonal close-packed s tru c tu re  in  th e  c. d irec tio n  such th a t  th e  carbonate 
groups a re  p a ra l le l  (or nearly  p a ra lle l)  to  the  q_ ax is  (Fig. 1.6A). X-ray 
d if f ra c tio n  has been used to  determ ine the dimensions of the  pseudo c e l l  
which is  a t  30° to  the  tru e  c e ll ,  hence fo r the psuedo c e ll  a'= 4.13 ± 0.01 
A, c'= 8.49 ± 0.02 A and th e  tru e  c e ll  dimensions are  a= a 'j3  = 7.16 A, C =
2c' =16.98 A. In the  pseudo c e ll ,  th e  calcium atoms form a tr ig o n a l prism ,
with a C atom a t  the  cen tre  of th e  prism  orien ted  such th a t  each 0 atom i s  
eq u id is tan t from the two n e a res t Ca atoms (Fig. 1.6B). Hence, Ca2-  is  
coordinated by 6 oxygen atoms a t  2.4 A and by 2 oxygen atoms a t  2.9 A, and
(A) O Ca2 o-aij  ^ CO^




FIG. 1 .6 : (B) THE ARRANGEMENT OF CARBONATE AND CALCIUM IN 
VATERITE UNIT CELL.
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can be considered to  be 8 coordinate. The C-0 bond d is tan ce  i s  1.26 A which 
is  sh o rte r  than  in  aragonite  and c a lc ite . The d is tan ce  between the Ca 
atoms w ith in  a layer i s  4.13A and the  d is tan ce  between the  calcium lay ers  
i s  4.25A.
The d iffe ren ces  in s tru c tu re  re s u lt  in  thermodynamic 
d iffe ren ces  between these th ree  forms. The v a te r ite  s tru c tu re  is  
su scep tib le  to  s tack in g  fa u lts , whereas aragon ite  i s  highly  ordered.
However, c a lc ite  has the  h ig h est (most n eg a tiv e ) ' free  energy of form ation, 
under s tan d ard  cond itions re su ltin g  in  the  order of thermodynamic 
s ta b i l i t i e s :  c a lc i te  > a ragon ite  > v a te r ite , and th e re fo re  v a te r i te  i s  the 
most so lub le  and c a lc ite  th e  le a s t  so luble phase a t  s tan d ard  cond itions of 
tem perature and p ressu re . This fa c t  i s  shown by the  so lu b ili ty  products of 
th ese  th ree  phases represented  in  th e  form of log ksR a t  25°: V aterite: -  
7.60, a ragon ite : -8.22 and ca lc ite :-8 .4 2  [161,162]. The re f ra c tiv e  indices 
fo r  v a te r i te  have been quoted a s  o= 1.550 and y=1.600. The d iffe ren ces  in  
packing lead to  the  d iffe re n t d e n s it ie s  <p): a ragonite: 2.95, c a lc ite :  2.71 
and v a te r ite :  2.54.
1 . 1 1  GRYS.XftLL I  g ftT  IP N  QF—.CflLC IUM  C ft R B.Q.NRI.E—B .Y. 
I ,NPRQftN IC ..11ETHPDS :
The c ry s ta ll iz a tio n  of the  sp arin g ly  so lub le  calcium 
carbonate  from aqueous su p ersa tu ra ted  so lu tion  involves ions o r molecules 
in  so lu tio n  which must break away from th e i r  bonding w ith w ater and bond 
to g e th e r to  form a separa te  so lid  phase. There a re  two general ca teg o ries  
o f c ry s ta l  nucleus form ation, homogeneous and heterogeneous. In the  former
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the c o n s titu en t ions in so lu tion  come together randomly to  form the  so lid  
nucleus. In th e  heterogeneous case th e  nucleation takes place through th e  
in te rv en tio n  of a su b s tra te  phase which may be a d isso lved  spec ies  or a 
so lid  suspended in  the  p re c ip ita tin g  so lu tion . In most sy n th e tic  system s, 
one can assume th a t  nucleation i s  p a r t ia lly  heterogeneous since  so lu tio n s  
generally  con tain  some im purity p a r tic le s  which can a c t as  heterogeneous 
n uc lea to rs . K inetic fa c to rs  a re  involved in  determ ining th e  nature of 
c ry s ta l  nucleus and of th e  growing phase. The k in e tic  fa c to rs  had been 
stud ied  by using  a highly reproducib le  seeded growth technique and under 
c e r ta in  co n d itions secondary nucleations induced on the  su rface  of the  seed 
c ry s ta ls  was a lso  analysed. In calcium carbonate c ry s ta l l iz a t io n  system s, 
the  tem perature, supersa tu ra tion , su rface  concentra tion , pH, io n ic  s tre n g th  
and the  presence of fo reign  ions a re  found to  be im portant in  determ ining 
the  natu re  of th e  phase th a t  grows in  so lu tion . In th e  nucleation  of so lid  
phases from so lu tion  the  s itu a tio n  i s  com plicated by sim ultaneous 
nucleation  and growth phenomena tak ing  place a l l  th e  time.
Huclei are presumably formed in  the  f i r s t  p lace by chance 
c o llis io n s  o f severa l u n its , and the  p ro b ab ility  th a t  th ese  u n its  could be 
p resen t sim ultaneously in  sm all volume would depend upon both concen tra tion  
and tem perature. Increasing su p ersa tu ra tio n  th e re fo re  promotes the  
form ation of th e  c ry s ta l  nuclei and hence speed up th e  ra te  of growth, 
whereas an increasing  tem perature w ill tend to  d is ru p t c ry s ta l  nuclei by 
therm al motion, with a reduction in  th e  r a te  of nucleation and a 
corresponding reduction in  growth ra te . However th e  s itu a tio n  i s  often
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com plicated when o ther fa c to rs  a re  involved.
C ry s ta lliza tio n  of calcium carbonate has been the  sub jec t 
s tu d ie s  of sev era l groups fo r a long time. The k in e tic s  of c ry s ta l  growth 
of calcium carbonate was stud ied  using a reproducible growth technique 
[163,164]. Kitano [1653 employing a spontaneous p re c ip ita tio n  technique had 
stud ied  th e  system  -in various asp ec ts  including the  tem perature, pH and the  
influence of various organic and inorgan ic  ions. Friedman e t  a l [1663 have 
s tre sse d  th e  importance of organic substances and pH during carbonate  
form ation reac tio n s . Vatabe [1673 had mentioned the  im portance of 
inorganic ions in  the  form ation of calcium carbonate in  b io lo g ica l system s. 
The influence of magnesium, strontium  and su lfa te  ions on the morphology 
and polymorphic, and chemical com position of the  p re c ip ita te  was a lso  
examined [1683. The spontaneous p re c ip ita tio n  of calcium carbonate leading 
to  homogeneous and heterogeneous nucleation of c a lc ite , v a te r i te  or 
a ragon ite , and the  proportion  of each polymorph depending on tem perature 
was s tud ied  by using m illim olar concen tra tions o f CaCla and NaHCOa 
so lu tio n s  [1693. Lippmann [1703 had shown th a t  in  the  absence of seed 
c ry s ta ls  and of b iv a len t ca tio n s  o th er than Ca2-", the  calcium carbonate 
polymorph p re c ip ita tio n  i s  most c le a r ly  determined by nucleation . The 
polymorph formed a t  ord inary  tem perature i s  c a lc ite , e sp ec ia lly  in  slow 
p re c ip ita tio n s  and th is  i s  in  harmony w ith thermodynamic s ta b i l i ty ,  whereas 
the  form ation of aragonite  a t  or above 30°C i s  not. From about h a lf  way 
tow ards 100°C th e  add itiona l polymorph, v a te r i te  becomes more and more 
im portant. V a terite  may a lso  nucleate and grow a t  o rd inary  tem perature
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under su ita b le  conditions. These changes in  the polymorphic p re c ip ita tio n  
have been ch arac te rised  by Lippmann and was explained in  term s of the 
r a t io s  of C032- /Caa^ in so lu tion , and co rre la ted  w ith the  more open 
s tru c tu re  o f v a te r ite . V aterite  i s  capable of forming a t  ord inary  
tem perature no t only in  c e r ta in  organism s but a lso  in  lab o ra to ry  
p re c ip ita te s . V aterite  p re c ip ita te s  in stead  of th e  most s ta b le  polymorph, 
c a lc ite , from so lu tio n s  contain ing  ample COa2 - [1713 or from a so lu tion  of 
1& CaClz and 2& NHa through which COz gas i s  passed [1723. The 
p re c ip ita tio n  of calcium carbonate from aqueous so lu tio n s  a t  
su p ersa tu ra tio n s  su ff ic ie n t fo r  spontaneous p re c ip ita tio n , but low enough to
enable h ighly  reproducible re s u l ts  was c a rried  out w ith re sp ec t to  
induction period and ra te s  of p re c ip ita tio n . The th resh o ld  fo r th e  onset of
calcium carbonate p re c ip ita tio n  a t  pH 8.6 has been e s ta b lish e d  and the 
induction periods and ra te s  of p re c ip ita tio n  were both found to  be s tro n g ly  
dependent on su p ersa tu ra tio n  [1733. The in h ib itio n  of c a lc ite  
c ry s ta l l iz a t io n  by inorganic phosphate has been examined and shown to  be 
dependent upon the  in i t i a l  degree of su p ersa tu ra tio n  o f th e  aqueous so lu tion  
£1743. The d isso lu tio n  /  p re c ip ita tio n  k in e tic s  have been s tud ied  [1753 
using a ro ta tin g  d isc  technique, and severa l k in e tic  equations were proposed 
fo r  the  mechanism. Ogino e t  a l [1763 recen tly  have published a carefu l 
in v e s tig a tio n  of calcium carbonate p re c ip ita tio n  processes in  supersa tu ra ted  
so lu tio n s . They have id e n tif ie d  an amorphous calcium carbonate, th a t  has a 
so lu b ility  product of approxim ately 10-6  <mole per l i t r e ) 2 , which forms 
during rap id  p re c ip ita tio n  from supersa tu ra ted  so lu tio n s  and subsequently 
transfo rm s to  a mixture of c ry s ta ll in e  polymorphs w ith in  minutes.
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S p ec ifica lly , th is  amorphous calcium carbonate transfo rm s e ith e r  to  the 
unstab le  polymorphs of v a te r i te  (a t low tem peratures) and aragon ite  a t  high 
tem peratures or to  ca lc ite ; both v a te r i te  and aragonite  polymorphs 
transform  to  c a lc ite  through a d is sc lu tio n -re p re c ip ita tio n  mechanism. The 
growth of c a lc i te  c ry s ta ls  formed the  ra te  determ ining s tep  in  the 
d is so lu tio n -re p re c ip ita tio n  p rocess. The c ry s ta l l iz a t io n  of calcium 
carbonate on polymeric su b s tra te s  such a s  su lfonated  po lysty rene and 
polysty rene divinylbenzene was s tud ied  [177] and found to  give calcium 
carbonate monohydrate polymorph which slowly changes in to  th e  
thermodynamically s tab le  c a lc ite .
The in h ib itio n  of calcium carbonate c ry s ta l l iz a t io n  by 
p ro te in s , polypeptides and o th er polymers were under study fo r  a long time. 
Recently i t  has been reported [178] th a t  p o ly asp a rta te  molecule of 40 
residues could be an optimum sized  polymer molecule fo r  the  in h ib itio n  of 
c ry s ta l  nucleation.
The physico-chem ical a sp ec ts  of calcium carbonate 
p re c ip ita tio n  from aqueous so lu tio n s  of calcium b icarbonate  as  a r e s u lt  of 
o u t-g assin g  carbon dioxide has been shown by Khayat and G arside [179], 
which has led to  a method of determ ining th e  su p ersa tu ra tio n  of so lu tions, 
including th e  gaseous components.
C H A P T E R  X I
METHODS A N T >  MATER I _A.IL#£=>
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2  , E.XE-E R IX A E Jaim — J1E J.H Q D S .:
2 . 1  L f l N G M U I R  M Q N O L f l Y E R S ;
The experim ental methods and th e  techniques were ca re fu lly  
chosen to  s u i t  the  c ry s ta l  growth s tu d ies  and to  mahe a su ita b le  model fo r  
b iom ineralization . A Langmuir "mini trough" <Fig. 2.1) supplied by Joyce- 
Loebl was used to  prepare two dim ensional monomolecular film s. I t  was 
connected to  a pH meter and a X-Y/Y-T c h a r t recorder. The monolayer was 
always enclosed in  a co n stan t perim eter b a r r ie r  which could be moved so 
th a t  the  area  could be a lte re d . The c h a rt recorder was used fo r  record ing  
p ressu re -a rea  isotherm s. The pH m eter was used to  measure the  pH of the  
so lu tion  in  the  trough and was connected to  th e  c h a r t reco rder to  enable 
the  pH to  be measured and p lo tted  a s  necessary. I t  was c r i t i c a l  to  clean 
the trough, b a r r ie r  b e lt  and the  r o l le r s  thoroughly and to  c a lib ra te  th e  
recorder and th e  pH meter before each experiment.
2 . 1 . 1  CALI BRAT I Off. PROCEDURE: There a re  th ree  param eters to  be 
ca lib ra ted  p r io r  to  film  form ation in  the Langmuir trough:
<i> C a l i b r a t i o n  o f  s u r f a c e  a r e a : In the  c a lib ra tio n  of th e  su rface  
area, i t  was necessary  to  c a lib ra te  th e  c h a r t reco rd er w ith th e  maximum and 
the  minimum a reas  contained w ith in  the  constan t perim eter b a r r ie r . The 
maximum area  was 550 cm2 and th e  minimum area 100 cm2 and hence th e  area 
w ith in  th e  b a r r ie r  was 450 cm2 . This area was c a lib ra ted  between
FIG. 2.1: LANGMUIR "MINI TROUGH" USED FOR FILM FORMATION 
AND CRYSTAL GROWTH
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0 and 300 mm on the  x -ax is , however th is  could be a lte red  depending on the  
experiment.
< il>  C a l i  b r a t  I o n  o f  s u r f a c e  p r e s s u r e : The su rface  p re ssu re  had
to  be c a lib ra te d  before each isotherm . A se n s itiv e  m icrobalance w ith 
senso r in  the liqu id  surface monitored the  d if f e r e n t ia l  su rface  ten sio n .
This Vhilhelmy p la te  technique of m onitoring p ressu re  was very re l ia b le  and 
enabled th e  su rface  p ressu re  to  be measured accu ra te ly  over a wide range. 
The b a r r ie r  d riv e  was linked to  a microbalance by an e lec tro n ic  feed-back 
system . The working area, therefo re  could be compressed u n ti l  th e  
molecules formed a compact monomolecular film . The Vilhelmy balance was 
based on a th in  p la te  which was semi-immersed in  the  subphase and a ttach ed  
to  the  m icrobalance v e r tic a l ly  above i t .  Values of weight can th u s  be 
re la te d  to  su rface  p ressu re  providing the co n tac t angle of th e  p la te  w ith 
the liq u id  i s  zero. Many d iffe re n t m a te ria ls  can be used fo r  th e  Vilhelmy 
p la te , one of th e  most e ffec tiv e  i s  f i l t e r  paper, which was a ttach ed  to  th e  
balance head by a length of a fin e  w ire, th a t  enabled accura te  measurements 
of th e  extrem ely sm all forces involved. I t  was adv isab le  to  ensure th a t  
the f i l t e r  paper s t r ip  c ro ss  sec tion  lay a t  90 degrees to  th e  leng th  of th e  
b a r r ie r  which moved towards i t ,  in  order to  minimise any in te ra c tio n  w ith 
the uniform d is tr ib u tio n  of the  film  compression fo rces. The fo rces  on th e  
p la te  c o n s is t  o f g rav ity  and surface  tension  ac tin g  downwards and buoyancy 
due to  d isp laced  w ater upwards. I f  th e  p la te  has n eg lig ib le  th ick n ess  and 
width 1 cm, then  AF = 2AY* so th a t  the  weight measured in  m illig ram s i s  
equal to  tw ice th e  surface p ressu re  measured in  dynes cm-1 o r mM m_1 .
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The micro balance was c a lib ra ted  and s e t  up fo r measurements a s  described 
below. The manual recommended a s t r ip  of f i l t e r  paper of 1 era wide and 3 
cm length, as the sensor fo r the  Vilhelmy p la te  balance. However 3 cm was 
too long fo r the  type of trough supplied  (which is  optional shallow model) 
and so pieces around 1.5 cm were used. This did not catch  a t  the  bottom of 
the trough. The paper was hung and the balance zeroed as s ta te d  in  the  
manual by using leng ths of so ld er on the  l e f t  Side of the  beam. To check
the surface  p u rity  of the  so lu tion  the b a rr ie r  was closed to  the  minimum
\
area. If th e  p ressu re  rose  high from zero, ind ica ting  the  presence of 
im purities on the su rface , then the  surface  was vacuum cleaned again by a 
g la ss  c a p illa ry  tube attached  to  a vacuum pump via a length of rubber 
tubing. When th a t had been done, the  b a rr ie r  was reversed to  maximum area, 
the balance zeroed and th e  surface  compressed again a t  slow speed. This 
was repeated as  necessary , generally  2 to  3 tim es u n til  the  surface  was 
clean. A reading of around 0.5 mg a t  the  minimum area was usually taken to  
be acceptable. C alib ra tio n  of the  ch a rt recorder using a 100 mg weight was 
a lso  checked every time. The recorder was ca lib ra ted  to  read 0 mm on the 
Y1 ax is  a t  0 mg balance reading and 200 mm a t 100 mg balance reading.
Thus Y1 ax is  was ca lib ra ted  to  give p ressu re  ranging from zero to  
50 mN m~‘ although o ther p ressu re  ranges could be e s tab lish ed .
( i i i )  C a l i  b r a t  i QH -Q l p H .m e te r :  The ca lib ra tio n  of pH meter was done 
using standard  buffer so lu tio n s  a t  pH 4.0, 7.0 and 9.0 to  measure on the  Y2 
ax is  which was s e t  up from 0-140 mm to  read, the  pH between 0 to  14.
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2 . 2  P U R I F I C A T I O N  OF  W A T E R ;
As the  monolayer form ation required high p u rity  water, 
the p u rif ic a tio n  of w ater was given prim ary importance throughout. 
Apparatus cleaning was done using n i t r i c  acid , detergen t and rin sed  with 
high p u rity  w ater. E ither t r ip le  d is t i l le d  and ac tiv a ted  charcoal f i l te r e d  
w ater or double d is t i l le d  P u rite  charcoal column f i l te r e d  water was used 
throughout. The pure w ater gave a pH 6,0 to  6.8.
2  . 3  P U R I F I C A T I O N  A ND  A N A L Y S I S _ J 3 F  C H E M I C A L S . ;
Calcium carbonate CAR, BDH) sample was used d ire c tly  from 
the b o ttle . However th e  p u rity  of th e  s a l t ,  including the  polymorphic 
d is tr ib u tio n  was checked by X-Ray d iff ra c tio n . In frared  sp e c tra l a n a ly s is  
fu r th e r  confirmed th e  p u rity  of the  sample.
The organic chem icals such as  s te a r ic  acid , octadecylam ine, 
octadecanol, and ch o les te ro l were obtained in  the  pu rest form p o ssib le  and 
fu r th e r p u rif ied  by re c ry s ta ll iz a tio n  from chloroform . Their p u rity  was 
f in a lly  checked by m icroelem ental an a ly s is  and in fra red  spectroscopy. 
A ris ta r  q u a lity  so lven t chloroform  was used to  prepare th e  so lu tio n s  of 
monolayer forming m ate ria ls . Other inorganic chem icals used occasionally  
such as aluminium ch lo ride , sodium ch loride , calcium ch loride  and lith ium  
ch lo ride  (AR, BDH) were taken in  the  pu rest form availab le .
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2 . 4  C L E A N I N G  T H E  T R O U G H  A N D  T H E  G L A S S W A R E ;
The new trough was rin sed  well with clean running cold w ater 
and decon 90 followed by r in s in g  w ith d is t i l le d  water. Then using 200 ml 
of AR chloroform  i t  was cleaned and wiped thoroughly. The cleaning w ith 
high p u rity  w ater was repeated tw ice. B arrie rs  and ro l le r s ,  when new, were 
put in  a 600 ml beaker added approxim ately 10 ml of decon 90, soaked fo r 
30 minutes and washed thoroughly w ith running cold water. They were 
cleaned u ltra so n ic a lly  fo r  5 minutes and rin sed  w ith high p u rity  w ater 3 
tim es and refluxed  in  isopropyl alcohol vapour fo r  1 hour. During general 
use, the  b a r r ie r  and r o l le r s  were f i r s t  cleaned w ith detergen t, then  w ith 
acid , and chloroform and f in a l ly  r in se d  w ith high p u rity  water. The g la s s ­
ware was cleaned with acid  and de tergen t, and rin sed  w ith high p u rity  
water.
2 . 5  P R E P A R A T I O N  OF  M D N Q M O L E C U L A R  F I L M S
IfDnomolecular film s were formed in  the  Langmuir trough and 
su rface  p ressu re -a rea  p lo ts  were recorded fo r  octadecanoic acid, 
octadecylamine, octadecanol and ch o les te ro l on pure water, on b iv a len t 
ca tio n ic  so lu tio n s , and on calcium b icarbonate  so lu tion  subphases. The 
ty p ic a l method adopted i s  given below.
The trough was f i l le d  w ith 1.8 1 of pure t r ip le  d is t i l le d  
water keeping the  water level h a lf  way up th e  b a r r ie r  side. The pH of the  
so lu tion  was measured acccurately . The su rface  im purities, i f  any, were 
removed using a c a p illa ry  vacuum suction  and the surface p ressu re  was
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brought down to  zero. A so lu tion  of s te a r ic  acid  10 mg in  10 cm® CHC13 
was prepared fresh  Just before p lo ttin g  of iso therm s to  minimise any e rro r  
in  concen tra tion  due to  lo ss  of chloroform  by evaporation. This mass was 
calcu la ted  to  give a recommended concen tration  o f around 2.0xl0~7 moles 
dm-3  in the  monolayer such th a t  th e  amount of acid  added gave a compressed 
film  midway between th e  maximum and minimum area o f th e  trough. S tea ric  
acid  was applied  to  the  su rface  using a micrometer sy ringe  which could 
d e liv e r sm all q u a n titie s  of liq u id s  to  very accurately  known lev e ls  up to  
an accuracy of 2X10""* cm3 or 0.2 p i. Around 60 pi were added accurately  
each time in  order to  have a reasonably  good area of th e  monolayer. The 
drops were added slow ly as  they requ ired  tim e to  d isp erse . Careful 
ad d itio n  a lso  prevented su rface  b ilay e r form ation. A fter allowing the  
chloroform to  evaporate with th e  trough cab inet open, the  l id  was closed 
and the  balance zeroed. With the  manual co n tro l mode s e t  a t  speed 'one' the  
forward co n tro l was engaged and th e  monolayer slowly compressed a t  a ra te  
of «2 A2/m olecule/minute. The ind iv idual p lo ts  are  given in  th e  re lev an t 
ch ap te rs . The isotherm  was generally  complete in  «10 minutes. I t  was 
possib le  to  ca lcu la te  from th e  graph th e  lim itin g  molecular area  of the  
su b s tra te  in  th e  monolayer; th i s  i s  th e  area  occupied by each molecule when 
the monolayer was in  th e  fu lly  condensed phase. The monolayer was 
compressed to  a po in t a t  which the  m olecular area remained e ffec tiv e ly  
constan t fo r  a la rg e  change in  p ressu re , thus ensuring th e  form ation of the  
fu lly  condensed s ta b le  monolayer <Fig. 2 .2). The pH and th e  tem perature of 




FIG. 2 .2 :  SCHEMATIC DRAWINGS OF FILM COMPRESSION AND THE CORRESPONDING ORIENTATION OF THE 
MOLECULES IN THE FILM: (A) UNCOMPRESSED LEVEL WITH RANDOM ORIENTATION OF MOLECULES, (B)
PARTIALLY COMPRESSED LEVEL WITH SOME ORIENTATION IN THE FILM and (C) FULLY COMPRESSED 
LEVEL WITH ORIENTED MOLECULES IN THE MONOLAYER.
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The in i t i a l  pH of w ater varied  from experiment to  experiment w ithin a range 
of 5.8 to  6.8. No attem pt was made to  keep th e  pH co n stan t fo r  a l l  the  
experim ents as  i t  was im portant no t to  have any added ions in  the  so lu tion . N 
From th e  lim itin g  molecular area, and from th e  number of monolayer 
molecules the area/m olecule on various subphase so lu tio n s  was determined.
To check the  su rface  p u rity  of th e  subphase and the  complete 
evaporation of th e  so lven t chloroform , a blank run of th e  isotherm  was done 
by moving th e  b a r r ie r  to  minimum area on pure w ater before adding the  
chloroform  and the  p ressu re  checked. A fter adding chloroform on the 
su rface  and allow ing fo r 5 minutes to  evaporate th e  Isotherm  p lo t was 
drawn. In both the  cases i t  was expected to  give neg lig ib le  p ressu re  r i s e  
in  the  p re ssu re -a rea  p la ts .
2 , 6  QQMXRQ1 E X P E R I M E N T S ;
Calcium carbonate has th ree  main c ry s ta l  forms: c a lc ite , 
a ragon ite  and v a te r ite . Many s tu d ie s  have been made of the  conditions 
under which calcium carbonate i s  formed in  various polymorphic forms (see 
sec tio n  1.11). No d e fin ite  conclusion has y e t been reached, however as to  
the exactness and th e  s ig n ifican ce  of th e  r e s u l ts .  In the  p resen t system 
fo r growing th e  calcium carbonate c ry s ta ls  the  method used by Kitano [1803 
was fallowed w ith s l ig h t  m odifications. K itano 's method involved bubbling 
of C02 gas through a suspension of calcium carbonate to  give a b icarbonate 
so lu tion  according to  the  reac tio n ,
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CaC0.3 C t  CCb Cg? + H^Oc 5  ---------------------Ca2+ C *<q 3 + 2HCOs (aq) (I)
Vhen th e  so lu tion  was le f t  to  s tan d  in  an open v esse l, COs gas would be 
re leased  by th e  reverse  reac tio n  thus p re c ip ita tin g  CaCCb. The advantage 
of using K itano 's method was th a t  add ition  of any foreign  ions was 
com pletely avoided and calcium carbonate was formed from the calcium 
b icarbonate so lu tion  as  C02 gas escaped. This re ac tio n  was used because i t  
i s  ty p ic a l fo r  th e  form ation of calcium carbonate by inorganic  processes in  
the hydrosphere. I t  i s  one of th e  "homogeneous p rec ip ita tio n "  reac tio n s  and 
no o ther added ions a re  p resen t o ther than  calcium, bicarbonate and 
carbonate ions with hydrogen and hydroxide ions in  the  mother so lu tion . 
Therefore the  reaction  i s  su ita b le  to  study the  e ffe c t of organic monolayers 
on the  c ry s ta l l iz a t io n  o f calcium carbonate. The fa c to rs  influencing the 
p re c ip ita tio n  of calcium carbonate from aqueous so lu tio n  include;
(a) the  presence of c e r ta in  inorgan ic  ions, including hydrogen and
hydroxide ions and carbon dioxide in  the  mother so lu tion
<b> th e  influence of organic m ate ria l including enzymes and b ac te ria
(c) the  mechanical conditions
<d) th e  tem perature and
(e> the  transfo rm ation  of the c ry s ta l  type a f te r  th e  calcium carbonate 
nuclei had been formed.
The cond itions th a t  determ ine th e  polymorphic c ry s ta l l iz a t io n  of calcium 
carbonate have been d iscussed  by many re sea rch ers  (see sec tion  1.11) 
however, many questions s t i l l  remain unsolved. The tem perature of the
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mother so lu tio n  should be considered as one of th e  most im portant fa c to rs  
co n tro llin g  the  polymorphic form ation.
2 .6.1 EXPERI ME ITT AL DETAILS: The in i t i a l  cond itions, based on K itano’s
method [165] were as follows:
Ten grams of calcium carbonate (AR, BDH) powder was 
suspended in  4 l i t r e s  of t r ip le  d is t i l le d  charcoal f i l te r e d  w ater in  a 
p la s t ic  co n ta iner and CO^  gas was bubbled through a t  a r a te  of 
0.44 m3 h r-1 fo r  th ree  hours. When CCh gas d isso lved  the  equilibrium  of 
the  reac tio n  was moved to  the  r ig h t  in  the  equation (1). The purging was 
then stopped, the  so lu tio n  l e f t  to  stand  fo r 10 minutes and f i l te r e d  through 
a Buchner funnel using Whatman 42 f i l t e r  paper to  remove any undissolved 
calcium carbonate. Again CQa gas was purged fo r one hour to  re d isso lv e  any 
c ry s ta l  nuclei th a t  may have formed (Fig. 2.3). Thus prepared bicarbonate 
so lu tio n  was poured in to  a p la s t ic  tra y  (24 cm x l5  cm) and loosely  covered 
w ith a  g la ss  p la te . 1.8 1 of the  same b icarbonate so lu tion  was poured in to  
the  trough and the  monolayer was spread, and compreesed to  g ive a  required  
film  form ation. I t  was l e f t  undisturbed fo r  t  = 16-21 hours, un less early  
c ry s ta ls  were requ ired  fo r an a ly s is . The schem atics of th e  procedure 
followed a re  shown in  Fig. 2.4. C ry s ta ls  co llec ted  from the  trough and the  
tra y  a f te r  16-24 hours were observed by o p tica l microscopy and scanning • 
e lec tro n  microscopy. M illigram s of th e  sample co llec ted  were analysed by 
X-ray d if f ra c tio n  an a ly s is . In the  la te r  experim ents, the  following 
m odifications were used,
co2
( 1 ) f i l te r
(2) purge C02 (1 hr)
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FIG. 2 .4 :  EXPERIMENTAL PROCEDURE FOR THE GROWTH OF CALCIUM CARBONATE CRYSTALS UNDER 
STEARIC ACID MONOLAYERS.
(OM: O p tic a l  m ic ro sco p e ; SEM: Scanning E le c tro n  M icroscope; XRD: X -ray  
D i f f r a c t i o n ;  WB: W ilhelmy b a la n c e ; CPBD: C o n stan t P e r im e te r  B a r r ie r  D evice)
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(a) t r ip le  d is tille d -c h a rc o a l f i l te r e d  w ater was replaced by double 
d is t i l le d  P u rite  charcoal column f i l te r e d  water co llec ted  in  a pyrex g la ss  
c o n ta in e r .
(b) th e  COs gas was purged fo r one hour in i t ia l ly .
<c> in s tead  of overhead mechanical s t i r r e r ,  magnetic bar s t i r r e r  was used,
(d) th e  C02 gas was scrubbed through double d is t i l le d  P u rite  f i l te r e d  w ater 
kept in  tw in H irsch b o ttle s .
(e> a f te r  one hour the  undissolved calcium carbonate was f i l te r e d  and 
removed and CO2 gas was purged through the  f i l t r a t e  fo r  30 minutes.
(f) th e  prepared supersa tu ra ted  b icarbonate so lu tio n  was poured in to  round 
g la ss  c ry s ta l l iz in g  d ish es  of capacity  500 cm3 . The volume of th e  
b icarbonate  so lu tio n  in  th e  d ish  was kept a s  100 cm3 , and th e  pH and the  
tem perature of the  b icarbonate so lu tion  were measured p r io r  to  nucleation.
The d ishes were loosely covered w ith clean f i l t e r  papers and 
l e f t  undisturbed . Clouds of c ry s ta ls  could be observed v isu a lly  a f te r  2 
hours. A fter 20 hours mature c ry s ta ls  from the  su rface  were picked up on 
g la ss  s l id e s  fo r  o p tica l m icroscopic observations. The su rface  c ry s ta ls  
were a lso  co llec ted  fo r  scanning e lec tro n  microscopy on s ta in le s s  s te e l  
s tu b s  by gen tly  touching them and removing by su rface  ten sio n . The 
rem aining c ry s ta ls  were e ith e r  f i l te r e d  o r picked up on g la ss  s l id e s  fa r  
XRD a n a ly s is . C ry s ta ls  seen a t  th e  bottom of th e  d ish  were a lso  
co llec ted .
G lass c ry s ta ll iz in g  d ishes were used in s te ad  of the  trough to  
enable th e  d ire c t  comparison of th e  co n tro l c ry s ta ls  to  th e  c ry s ta ls
6 9
grown under the  monolayers and to  allow comparison of th e  c ry s ta ls  grown 
under d if fe re n t monolayers a t  id en tica l cond itions. For example, th e  
diam eter of th e  d ishes and the  volume of the  b icarbonate so lu tion  taken 
were kept constan t. Hence any change in  the  s tru c tu re  6r morphology of the 
c ry s ta ls  would be affected  by the  monolayers only. An id e n tic a l s itu a tio n  
fo r comparison was not possib le  in  the  trough experim ents.
The c ry s ta ls  grown under monolayers were co llected  on the  
g la ss  s l id e s  and the number of c ry s ta ls  were counted. This enabled th e  
nucleation  density  (numbers/cm2) to  be determined fo r the  monolayer 
c ry s ta ls .  The d e ta iled  determ ination of th e  nucleation d en sity  of the  
c ry s ta ls  i s  described  in  indiv idual chap ters .
2 . 7  D E T E R M I N A T I O N  OF  S U P E R S A T U R A T I O N '.
The supersa tu ra tion  of th e  calcium carbonate so lu tio n s  can be 
determined by <a> estim ating  th e  concen tra tions of calcium, carbonate and 
b icarbonate  or <b) by determ ining the  concen tra tion  of to ta l  calcium 
ca lcu la tin g  o ther concen tra tions by known equilibrium  co n stan ts . In the  
p resen t work th e  second method was followed.
The concentration  of calcium was determined by EDTA 
t i t r im e tr ic  method. The sodium s a l t  of EDTA was used fo r  the  estim ation . 
S tan d ard isa tion  of EDTA was done using magnesium iodate so lu tion . Standard 
so lu tio n s  of calcium ch lo ride  were prepared a t  various concen tra tions and 
t i t r a te d  ag a in s t EDTA and the  calcium amount calcu la ted  was checked with 
the th e o re tic a l values. Supersaturated bicarbonate so lu tio n s  were prepared
7 0
as described before (see sec tion  2.6>. Thus prepared so lu tio n s  were used 
fo r calcium estim ation . 25 ml of th e  so lu tio n  was p ip e tted  out in to  a 
con ica l f la sk  and 25 ml of d is t i l le d  water and 2 ml of 2M hydrochloric  
acid  were added. The so lu tion  was boiled fo r  2 minutes and cooled. 4 ml 
of (8.0 M) sodium hydroxide so lu tion , s ix  drops of hydroxylamine 
hydrochloride, s ix  drops of KCIT so lu tion  and * 30 mg of 2 -h y d ro x y -l- <2- 
hydroxy-4 -su lpho-l-naph thy l- azo)-3-naphthoic  acid  in d ica to r were added.
The so lu tio n  was then t i t r a te d  ag a in s t EDTA so lu tion . The colour changed 
from red  to  blue a t  the  end po in t. The pH of th e  so lu tion  was kept a t  >12. 
Using th e  calcium concen tra tion  the  su p ersa tu ra tio n  of th e  bicarbonate 
so lu tio n  was calcu la ted  using the  computer programme designed by Ali A1 
Khayat and J. Garside, UHIST, Manchester.
2 . 8 SAMP LE , ERERARft.TIDN .fiQR ANALYSIS.:
<i> The c ry s ta ls  were co llec ted  by dipping m icroscopic s l id e s  through 
th e  su rface  and l i f t in g  them gently  w ithout d is ru p tin g  much of the  
o rie n ta tio n  of c ry s ta ls . These c ry s ta ls  on the  s l id e s  were used fo r o p tic a l 
m icroscopic an a ly sis .
( i i )  For XRD q u a lita tiv e  and q u a n tita tiv e  a n a ly s is  th e  c ry s ta ls  
co llec ted  on the  s lid e s  were fin e ly  ground and used.
( i i i )  For IR sp e c tra l an a ly s is  th e  samples were prepared by grinding  
the c ry s ta ls  from s lid e s  and making p e lle ts  w ith KBr.
<iv) For SEM an a ly s is  th e  c ry s ta ls  were e i th e r  co llec ted  on g la ss  
cover s l ip s  s im ila r  to  th a t  of g la ss  s l id e s  th a t  could give the  same view
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and o rien ta tio n  of c ry s ta ls  as i f  being seen from above the  su rface  or 
using c irc u la r  s ta in le s s  s te e l  s tu b s  the  c ry s ta ls  were co llected  by gently  
touching the  surface  and l i f t in g  them without d is ru p tin g  the  o rien ta tio n  of 
c ry s ta ls .  This gave a view of the  c ry s ta ls  as i f  being seen from under the 
surface.
2 . 9  N U C L E A T I O N  D E N S I T Y  D E T E R M I N f t T I O N >
The number of c ry s ta ls  and hence the  number of nuclei formed 
per u n it area of th e  monolayer was determined in  two ways.
(i) I t  was d i f f ic u l t  to  observe and count th e  number o f c ry s ta ls  d ire c tly  
from th e  trough monolayers, so the  c ry s ta ls  were ca re fu lly  picked up by 
dipping the  s l id e  in  the trough p a r t o f the  monolayer and gently  l i f t in g  
the  s lid e  to  c o lle c t a s in g le  bed of c ry s ta ls  a ttached  in ta c t  an to  the  
s l id e  surface.
Cii) In some experim ents, th e  c ry s ta ls  grown in  g la s s /p la s t ic  d ish es  were 
viewed in  s i tu  and the  number of c ry s ta ls  per u n it area  were determined.
2 . 1 0  INSTRUMENTAL TECHNIQUES.:
Analysis of th e  c ry s ta ls  grown in the  co n tro l experim ents and 
under th e  monolayer were analysed mainly by th e  following techniques.
Ci> X-RAY DIFFRACT I  PIT; For the  prelim inary  polymorphic a n a ly s is  of 
the  c ry s ta ls ,  X-ray d if f ra c tio n  method was used w ith  the  tech n ica l help 
from Mr.B. Chapman and Mr .A. Carver. In th i s  method i t  was p o ssib le  to
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determ ine the d -sp ac in g s  and hence th e  s tru c tu re  of the  c ry s ta ls .  In the  
p resen t work th e  instrum ent used was P h ilip s  powder d iffrac to m ete r Model 
PW-1130 combined w ith Debye-Scherrer camera of 11.4592cm diam eter and 
m ostly copper K-a ra d ia tio n  (X=1.5405 A> and occasionally  iron  K-a 
ra d ia tio n  (X = 1.9373 AO were used. X-ray powder d if f ra c tio n  was ca rried  
out as  described  below. The sample fo r  a n a ly s is  was usually  fin e ly  ground, 
f i l le d  in  a c a p il la ry  tube and mounted on a sample holder. The film  (Kodak 
x -ray  film  ) was loaded in  the  camera and was exposed through holes in  the  
s id e  of th e  camera to  give m arkers from which th e  d if f ra c tio n  lin e s  fo r  
measurements were obtained. The camera was mounted, the x -ray  source was 
switched on and kept a t  40 Kv, th e  sh u tte r  opened and the  film  was exposed 
fo r  one and h a lf  hours. The film  was developed using Kodak developer and 
f ix e r . From th e  measurements made th e  d - spacings were calcu la ted  using 
Bragg's equation, nX = 2d s in  9, where X=1.5418A (for CuKa); n=l; camera 
length  <r)=l 1.4592cm; a rc  le n g th (1) = measured d iff ra c tio n  lin e s . Therefore 
1 = 2xrx20/36O = 11.4592 x x8 = 0.49. So 0 = 2.5x1. Therefore from the  
Bragg's r e la t io n ,1.5418x10-1 °  = 2d s i n (2.5x1). Hence d=0.7709 /  s i n (2.5x1). 
These values were then  compared w ith values in  the ASTM d if f ra c tio n  f i l e s  
(usually c a lc ite , a rag o n ite  and v a te r ite )  to  determ ine the  s tru c tu re  of th e  
c r y s ta l s .
<11 > XRD QUANTITATIVE AJfALYSIS: Q uantita tive  an a ly s is  by x -ray  
d if f ra c tio n  method could give an accurate determ ination of the  amounts of 
d iffe re n t polymorphic ty p es  of c ry s ta ls  p resen t in  a sample. The
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instrum ent used in  th is  method was a P h ilip s  PW-1710 x -ray  d iffrac to m ete r. 
Samples were prepared fo r  th e  a n a ly s is  by mixing accura te ly  known amounts 
of c r y s ta ls  under in v estig a tio n  w ith weighed amounts of corundum (^-AlaCb). 
This was used as  the  in te rn a l s tandard . A c a lib ra tio n  curve was derived 
from known sam ples p r io r  to  th e  estim ation  of unknown com positions of 
experim ental c ry s ta ls .  Furthermore, th i s  method was used fo r th e  an a ly s is  
of th e  adso rp tio n  of the  fo reign  ions in  the  c ry s ta l  la t t ic e .  The he ig h ts  
of peaks were measured to  determ ine th e  in te n s i t ie s  of the  d -spacings and 
any displacem ent of peaks from th e o re tic a l p o s itio n s  was noted fo r  any 
la t t ic e  ad so rp tion  in  th e  c ry s ta ls .
< i i i >  INFRARED SPECTROPHOTOMETRY: The IE sp e c tra l a n a ly s is  was
c a rrie d  out using Perkin-Elm er model-1420 in fra red  spectrom eter. The 
Perkin-Elm er model-1720 FT-IR spectrom eter was used where th e re  was need 
fo r b e t te r  reso lu tio n  of th e  spectrum. The samples were used in  th e  form 
of KBr p e lle ts  or as  KBr m ixtures in  c e l ls  fo r  FT-IR spectrom eter.
<lv> OPTICAL MICROSCOPY: In order to  study th e  nature  o f the
c ry s ta ls  co llec ted  on the  g la ss  s l id e s , they were s tud ied  by o p tica l 
microscopy. For most of th e  prelim inary  work the  zoom stereomicrDscope 
MEIJI EM s e r ie s  model EMZ combined w ith Olympus OM 10 camera was used.
One main advantage of th i s  microscope was th a t  c ry s ta ls  grown in  sm all 
c ry s ta l l iz in g  d ishes could be stud ied  in s itu . The m agnification range of 
th is  m icroscope was from X14 to  X90 ( X3.5 to  X22.5 fo r  photography).
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When more d e ta i ls  of th e  c ry s ta ls  were required, a Carl Zeiss D-7082 model 
Axiophot compound o p tic a l microscope equipped w ith a parfocalized  Panasonic 
TV camera and video m onitor was used. M agnification in  th i s  instrum ent 
varied  from X100 to  X500 (X25 to  X125 fo r photography). Using th e  o p tic a l 
microscope i t  was p o ssib le  to  study the  general o rien ta tio n  of the  c ry s ta ls  
grown in  th e  system w ith and w ithout the monolayer. Their s ize , shape and 
th e ir  nucleation  d en sity  under the  monolayer could a lso  be determined. 
However due to  the  lack of th e  depth of the  f ie ld  the  d e ta iled  
m orphological a n a ly s is  could be done only w ith scanning e lec tron  
microscopy.
<v> SC A N J11TG ELECTRQir MICROSCOPY: The instrum ents generally  used
were e i th e r  a JEOL 35C or JEOL T330 models. The main p rin c ip le  in  th e se  
in strum ents i s  th a t  a beam of e lec tro n s  i s  focussed on the  su rface  of a 
sample th a t  g ives th e  image of th e  sample from the  in te n s ity  of the  back- 
sc a tte re d  e lec tro n s  (see Appendix). The re s u l ts  appear on the  readout 
device a s  a v isu a l image of th e  su rface  of th e  sample. The re s u l ts  were 
s im ila r  to  those  obtained from an o p tica l microscope except th a t  th e  
m agnification  was considerab ly  g re a te r  and the  depth of th e  f ie ld  was high 
and hence th e  re so lu tio n  was g rea te r . The sample was usually  placed on a 
s tag e  s im ila r  to  a m icroscopic s tag e . The s tag e  was generally  accu ra te ly  
moved w hile th e  sample was observed through the  microscope u n ti l  the  
sampling s i t e  was located. Movement was stopped a t  th e  chosen s i t e  and 
the  e lec tro n  beam was d ischarged . The energy of the  e lec tron  beam was
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determined by the  change in  p o te n tia l between the cathode and th e  anode. 
Typical p o te n tia l used in  the  p resen t work varied  from 5 KeV to  20 KeV.
The la rge  number of e lec tro n s  th a t  s t r ik e  the  sample could cause an 
accumulation of charge which must be dissem inated. In th e  p resen t system 
as th e  c ry s ta ls  were loosely  a ttached  to  th e  sample ho lders (stubs) and so 
the charg ing  problems were high. However sam ples coated w ith gold/platinum  
fo r a longer period fa c i l i ta te d  the  d is p e rsa l  o f the  charge. D etails  of 
sample co lle c tio n  and the  coating  tim e which varied  from sample to  sample 
were explained in  th e  ind iv idua l chap ters .
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3  , 1 X JM.T.RO D.Li.CT IO N  :
A fundamental concept in  th e  study of b iom ineralization  and 
biogenic m inerals involves in  p a r t  the  regu la to ry  processes by complex 
organic m ate ria ls , during the  form ation of m inerals. These organic 
macromolecules are made by the  organism s with a p rec ise  s tru c tu re , to  
induce co n tro lled  c ry s ta ll iz a tio n  w ith a sp e c if ic  s tru c tu ra l  and 
stereochem ical s e le c t iv i ty  of th e  m ineral formed (see chap ter I, sec tion  
1 .6 ).
A number of d if fe re n t experim ental s tra te g ie s  have been 
developed to  e lucidate  the mechanisms of con tro lled  c ry s ta ll iz a tio n  a t  an
organised organic tem plate. One approach has been to  iso la te  the  m atrix
\
c o n s titu e n ts  from m ineralized t is s u e s  and examine th e  growth of calcium 
s a l t s  in  th e  presence of these  m oieties [91,94,181], These s tu d ie s  in d ica te  
th a t  the  stereochem ical conform ation of both th e  su lphate  residues and £- 
sheet carboxy lates of ac id ic  m atrix  macromolecules ex ert a  s ig n if ic a n ti
influence upon the o rien ted  nucleation and growth of the  m ineral phase [83]. 
Although th i s  work has offered  new in s ig h ts  in to  the  importance of 
s te re o sp e c if ic ity  in  co n tro lled  c ry s ta ll iz a tio n , d e ta i ls  of the in te r fa c ia l  
s tru c tu re  in vivo  a re  lo s t  during the  iso la tio n  procedures. Thus the  exact 
mode of operation  of the  p ro te in s  could not be determineed. To avoid th is ,  
organised monomolecular film s have been used fo r  system atic  in v estig a tio n  
in to  the  s tru c tu ra l  requirem ents fo r nucleation  of c h ira l organic c ry s ta ls  
[95,96]. Using a s im ila r  method, Landau e t  a l [94] dem onstrated th a t  the  
form ation of two dim ensional Langmuir monolayers with known headgroup
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spacings and p o la r ity , induces th e  o rien ta ted  c ry s ta ll iz a tio n  of HaC! and 
amino ac id s  from supersa tu ra ted  so lu tions.
In th is  th e s is ,  I have developed th i s  method of using 
compressed two dim ensional su rfa c ta n t film s as organised tem plates fo r  
c ry s ta l  form ation. The aim has been to  in v estig a te  the  influence of 
headgroup charge and stereochem istry , and packing d en sity  of acid  
monolayers as  well as so lu tio n  conditions on the  s tru c tu re  and th e  
o rien ta tio n  of c ry s ta ls  nucleated under th e  organic surface. This chapter 
d escribes th e  form ation of calcium carbonate c ry s ta ls  from various 
supersa tu ra ted  calcium b icarbonate  so lu tio n s  in  the  presence of compressed, 
p a r t ia l ly  compressed and uncompressed monolayers of s te a r ic  acid.
S te a ric  acid  forms a very s ta b le  monomolecular film . Fig.3.1 
shows the  molecular s tru c tu re  of s te a r ic  acid CCH3 <CH2)teCOOH] and Fig. 3.2 
shows a s p a c e -f i l l in g  model of th e  acid molecule. S tea ric  acid  a t  room 
tem perature and p ressu re  e x is ts  in  the  so lid  form <m.p.69.8°C). I t  i s  
insoluble in  w ater and free ly  so luble in  organic so lv en ts  such as 
chloroform, n-hexane and e th e r . Among these  organic so lv en ts  chloroform  
was used as a  so lven t fo r  p reparing  s te a r ic  acid so lu tio n s . Many s tu d ies  
on these film s have been repo rted . The surface area per molecule has been 
given as ju s t  over 20Aa fo r  s te a r ic  acid monolayers. This value i s  c lose 
to  th a t occupied by s te a r ic  acid  molecules in  s in g le  c ry s ta ls  and 
in te rp re ta tio n  of a  compact film  as a two dimensional so lid  was confirmed 
by x-ray  measurements C1183. The dependence of th e  s ta b i l i ty  of th i s  
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FIG. 3.1: STRUCTURE OF STEARIC ACID MOLECULE.
FIG. 3.2: COMPUTER DRAWN STRUCTURE 
OF STEARIC ACID MOLECULE
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balance lias been examined [973, and s te a r ic  acid  was repo rted  to  lo se  
<0.001% per minute of the  molecules in  so lu tion  subphase. Ionization  of 
s te a r ic  acid  a t  various pH has been reported  C182]. When th e  subphase had 
been a c id if ie d  w ith a m ineral acid  to  pH 4.0, i t s  io n iza tion  was completely 
suppressed so  th a t i t  behaves as a neu tra l molecule. At h igher pH, 
ion iza tion  occurs to  form hydrogen ions in  th e  subphase and carboxylate  
ions in  th e  monolayer. Although pure w ater has a pH of 7.0, carbon dioxide 
from th e  atmosphere d isso lv es  in  th e  subphase and s l ig h t ly  a c id if ie s  i t  to  
Ca. pH 5.8. The value expected fo r  the pK. of s te a r ic  acid  in  so lu tio n  i s  
4.8, but on th e  water su rface i t  i s  sh if te d  to  5.6, although the  s itu a tio n  i s  
fu r th e r  com plicated in  th e  presence of metal ca tio n s  in  th e  aqueous phase.
In calcium ch lo ride  so lu tio n s  th e  pK« of th e  acid  i s  around 6.0 C182]. Vhen 
the  pH i s  g re a te r  than  7.0 and when s in g ly  charged ions (Ha** or K"0 are 
p resen t, th e  s o lu b ility  of th e  acid  increases and m icelles were reported  to  
be formed. When the  ca tio n s  a re  doubly charged, th e  monolayer i s  s ta b le  a t  
a ir /w a te r  in te rface  1973. The su rface  p re ssu re -a rea  curves have been 
stud ied  fo r s te a r ic  acid  Oft Cd2*, Cu2"\ Ca2"*, Ba2- ,  Pb2“", S r2~, Fe3'*' and 
A l 3 -#- [130,136,1423. The incorporation  of these  ions in  th e  film  accounts 
fo r sm all change in  su rface  area per molecule. D ivalent ca tio n s  cause 
e le c tro n e u tra lity  in  th e  film  and d i-  and t r i - v a le n t  ions give extrem ely 
r ig id  film s w ith a high shear modulus C1833. The ex ten t of incorpora tion  
of ions in to  the  film  depending on pH and the  nature  of incorporated  ions 
has been s tud ied  by Newman 11353.
8 0
Electron d if f ra c tio n  of monolayers tra n s fe rre d  to  so lid s  
show th a t  th e  molecules a re  orien ted  v e r tic a l ly  w ith re sp ec t to  the surface. 
Recent development in  th is  area led to  the  study of th ese  molecules in  the  
f lo a tin g  Langmuir monolayer film s using x -ray  r e f le c t iv i ty ,  x -ray  
s c a tte r in g  and neutron sc a tte r in g  techniques, and in fra red  sp e c tra l 
a n a ly s is . Bohanon e t  a l [183] have reported  on th e  determ ination of 
s tru c tu re s  fo r  th e  f a t ty  acid  and alcohol monolayer system s on the  su rface  
D f w ater, based on the  observations of f i r s t -  and second-order x -ray  
d if f ra c tio n  peaks and showed th a t  the  f a t ty  acid  monolayers assume in th e  
h ig h est-p re ssu re  phase, a d is to r te d  hexagonal s tru c tu re  w ith orthorhombic 
c e ll  dimensions a = 7.5 A and b = 5.0 A, in  th e  fu lly  condensed film s.
3 . 2  EXP E R IMENT A L :
S tea ric  acid  >99% pure <AR,BDH) was used throughout. The 
acid was fu r th e r  p u rified  by re c ry s ta ll iz in g  in  chloroform  (A ris ta r) . 
R ecrysta llized  acid  was carefu lly  d ried  in  a i r  and th e  p u rity  determ ined by 
elem ental a n a ly s is  and by in fra red  sp e c tra l an a ly s is .
Microelemental a n a ly s is  was done and the  percentage of 
indiv idual elem ents were compared w ith th e o re tic a l values.
In frared  sp e c tra l an a ly s is  was obtained and the  c h a ra c te r is t ic  peaks were 
observed fo r s te a r ic  acid.
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3 . 2 . 1  SURFACE PRESSURE -AREA ISOTHERMS.QE STEARIC,ACID.:
As an im portant prelim inary  s tep  to  study the  calcium 
carbonate c ry s ta ls  under s te a r ic  ac id  monolayers in  the  Langmuir trough, 
the su rface -a rea  isotherm s of s te a r ic  acid  were p lo tted  under pure w ater 
and C a^ -c o n ta in in g  so lu tio n  subphases <for d e ta iled  procedure see chap ter 
II, sec tio n  2.5), Surface p ressu re -a rea  p lo ts  were a lso  obtained on 
cadmium ch lo rid e  so lu tio n s  fo r  com parlslon. However th e  an ionic  nature and 
the  pH of the  so lu tion  were d if fe re n t fo r the  two so lu tio n s .
The pH and the  tem perature of the  so lu tion  were measured 
acccurately  p r io r  to  the  p lo ttin g  o f each isotherm . The mass was 
calcu la ted  to  give a recommended concentra tion  of around 2 .0x l 0~7 moles 
dm-3  in  th e  monolayer. Around 60 p i were added accura te ly  each tim e in  
order to  have a reasonably  good area  of the  monolayer. From th e  lim itin g  
molecular area  and from the  number of acid  molecules, th e  area/m olecule on 
pure water subphase was ca lcu la ted . A blank run of the  isotherm  with 
so lven t chloroform  was done on pure w ater. H ysteresis was checked fo r ac id  
monolayers fo r  th e  lo ss  of any acid  molecules during compression and th e  
tra ck  of the  isotherm  was re traced . Surface p ressu re -a rea  Isotherm s were 
recorded a s  before fo r  s te a r ic  acid  monolayers compressed on cadmium 
ch loride  so lu tio n  subphases a t  a concentration  of 2 .5xl0“3 moles dm-3  and 
a t  a pH of 5.3.
Isotherm p lo ts  of s te a r ic  acid  were recorded from calcium 
chloride so lu tio n  a t  a pH of 5.5 and tem perature 302 K. Surface p re ssu re - 
area curves were a lso  p lo tted  on calcium bicarbonate so lu tion  subphases.
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The pH of th e  b icarbonate  so lu tio n s  were between 5.8-6.0 and the  
tem perature was 290±1 K (preparation  of calcium b icarbonate so lu tion  has 
been given in  d e ta i l  in  chap ter II, sec tion  2.6>.
3 . 2 . 2  CBYSTAL GRQVTH STUDIES TOPES STBABIC ACID MQHQLAYEKSi
Monolayer film s were formed a t  various compression lev e ls  on 
Ca<HC03>2 so lu tio n  subphases. The CaC03 c ry s ta ls  nucleated and grown under 
the  acid  film s were s tud ied  by x -ray  d iff ra c tio n , IE sp e c tra l an a ly s is , and 
o p tica l and scanning e lec tro n  microscopy. C ry sta ls  grown under s im ila r  
cond itions in  th e  absence of monolayers were a lso  co llec ted  and stud ied  fo r  
d e ta iled  comparison.
C ry s ta lliz a tio n  experim ents were ca rried  out under 
compressed monolayers w ith various compression levels  a t  su rface  p re ssu res  
of 45 mJT m_1 (so lid  phase), 20 mN m_1 (liqu id  phase) and 1 mM m_1 (gas 
phase) in  the  Langmuir trough. C ry sta ls  were co llected  from th e  monolayer 
subphase in te rfa c e  a t  various tim e in te rv a ls  (45 minutes -  21 hours) a f te r  
compression fo r  s tru c tu ra l  and morphological analyses (fo r d e ta iled  sample 
co llec tio n  see chap ter II , sec tio n  2.8).
Bulk sample fo r  x -ray  d if f ra c tio n  and IE sp e c tra l analyses 
were obtained by sweeping th e  surface  w ith th e  b a r r ie r , and co lle c tin g  the  
aggregated c ry s ta ls  on g la ss  s lid e s . C ry s ta ls  fo r o p tica l microscopy were 
viewed in  s i tu  o r on g la ss  s l id e s  dipped through th e  compressed film s. The 
nature of th e  o rie n ta tio n  of the  c ry s ta ls  grown a t  th e  monolayer-subphase 
in te rfa c e  was determined by scanning e lec tron  microscopy.
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The c ry s ta ll iz a tio n  experim ents were a lso  done in  thoroughly 
cleaned g la ss  c ry s ta ll iz a tio n  d ish es . Compressed ac id  film s  were formed by 
adding known amounts of acid  su rfa c ta n t to  form a so lid  phase film  on th e  
vacuum cleaned subphase surface. Using th i s  method, a system atic  d ilu tio n  
of the  so lu tio n s  were made using the  same bicarbonate so lu tion , and the  
influence of changes in  th e  su p ersa tu ra tio n  was s tud ied . On successive 
d ilu tio n  of the  stock  supersa tu ra ted  so lu tio n  ( to ta l  = 9 mM) to  give to ta l  
Ca concen tra tions of approxim ately 4.5, 2.25 and 1.13 mM were made in  the  
g la ss  d ish es  and the  monolayers were spread  on the  su rface , and the  d ish es  
were loosely  covered w ith f i l t e r  paper lid s . C ry s ta ls  co llec ted  from th ese  
experim ents were stud ied  in  d e ta i l  fo r  changes in  s tru c tu re , morphology, 
o rien ta tio n , s iz e  and nucleation  d en sity  of th e  c ry s ta ls ,  formed under the  
monolayer.
A sim ple method was designed to  grow th e  c ry s ta ls  in  sm all 
p la s t ic  p e tr i  d ishes so th a t  th e  number of c ry s ta ls  formed under the 
monolayer could be counted in  s i tu  from the  d ish es  d ire c t ly  under th e  
o p tica l microscope. Care was taken to  reproduce the  experim ent as much as 
possib le . However, c e r ta in  fa c to rs  such a s  adding th e  monolayer molecules 
and condensing them slowly to  give a coherent monolayer was not p o ssib le  
as the  monolayer could not be compressed in  the  p e tr i  d ish es  and the  
number of molecules required  to  form th e  s o lid /liq u id  phase monolayers were 
added a t  one tim e. Apart from th i s  the  monolayer area/volume of the  
so lu tion  w ith a 'deep well* p o sitio n  under the monolayer could not be 
maintained th e  same way as in  the  trough experim ents. However experience
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showed th a t  good monolayer could be formed In p e tr i  d ish e s /g la ss  
c ry s ta ll iz in g  d ishes and th e  c ry s ta l  nucleatlon and growth of calcium 
carbonate could be reproducible in  these  d ishes. The s tr ik in g  d ifference  
between th e  tro u g h /p la s tic  d ishes and g la ss  c ry s ta ll iz in g  d ishes was th a t  
carbon dioxide bubbles adhered to  th e  bottom su rface  in  the  trough and in  
the  p la s t ic  d ishes whereas bubble form ation d id  no t occur in the  g la ss  
d ishes because of the  d ifferen ce  in  su rface  tex tu re  and hydrophilic  nature 
of the  su b s tra te s . Apart from th is ,  th e  tim e gap from stopping the  purging 
of C02 and laying the  monolayer was a t  le a s t  20 minutes in  the  trough 
experim ents whereas i t  was, on maximum, 5 minutes in  th e  c ry s ta ll iz in g  d ish  
experim ents.
Size measurements of th e  mature and ea rly  c ry s ta ls  were done 
using o p tic a l and scanning e lec tro n  m icrographs. Hucleation d e n s it ie s  were 
determined a s  an average of sev e ra l experim ental sam ples. C ry sta ls  were 
co llected  on g la ss  s l id e s  and counted in  th e  a reas  se lec ted  a t  random using 
the  o p tica l microscope equipped w ith a  video m onitor. The number of 
c ry s ta ls  counted were >1500. The morphological and c ry s ta llo g rap h ica l 
o rie n ta tio n s  were determ ined from SEM m icrographs.
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3 . 3 R ESU LTS.i
<±> PURITY QF STEARIC ACID: The p u rity  of acid  determined from the
m icroelem ental an a ly s is  i s  shown below.
S tea ric  acid  
(C i© H sg O ^ )
7.C %E %0
Calculated 75.93 12.82 11.25
value
Experim ental 75.90 12.72 11.38
value
The FT-IR sp ec tra  of s te a r ic  acid  i s  shown in  Fig. 3.3. The 
C-H s tre tc h in g  frequency of th e  a lip h a tic  methyl and methylene groups were 
observed a t  2950, 2930 and 2850 cm-1 re sp ec tiv e ly . Absorption bands of 
term inal methyl group a t  2950 cm-1 due to  th e  asymmetric s tre tc h in g  mode 
and a symmetric mode a t  2850 cm-1 were observed. Peaks a t  1460 and 1380 
cm-1 ind ica ted  the  presence of a te rm inal methyl group attached  to  a carbon 
ex h ib itin g  in -p lane  bending motions. The methylene groups (> 4) in  a 
lin e a r a lip h a tic  chain gave the  absorp tion  peak a t  720 cm-1 due to  the  weak 
racking motion. The carbonyl peak gave a strong  band a t  1700 cm- 1 . The 
carboxyl group showed bands a r is in g  from th e ir  super p o sitio n  of C=0, C-0, 
C-OH and O-H v ib ra tio n s . Of four c h a ra c te r is t ic  bands, th ree  of these  
(overlapped w ith  a lip h a tic  C-H s tre tc h in g  frequency, 1300, 2700 and 
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FIG . 3 .3 :  INFRARED SPECTRUM OF PURE STEARIC ACID.
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<i> SURFACE PRESSURE— AREA ISOTHERMS OF STEARIC ACID: The
compression isotherm s on w ater without th e  monolayer showed no p ressu re  
r i s e  and ind ica ted  the  absence of su rface -ac tiv e  im purities  (Fig. 3.4).
When pure chloroform  was spread on th e  surface and the  isotherm  p lo tted , a 
completely f l a t  isotherm  was obtained showing th a t  th e  chloroform was pure 
and rap id ly  evaporated from th e  su rface  (Fig. 3.4). Hence any p ressu re  r is e  
in  the  isotherm s and th e  na tu re  of the  isotherm s depended on th e  nature  of 
the  monolayer-forming ac id  molecules in  the  experim ents described below.
The isotherm  of s te a r ic  acid  on pure water in  a ty p ic a l 
experiment (Fig. 3.5) gave an area per molecule 21 A2 although the  values 
varied  by ±1 A®. Thus th e  d a ta  were reproducible w ith in  th e  lim ited 
conditions imposed to  p revent tem perature v a ria tio n s . Within the  
tem perature range used th e re  was no d ifferen ce  in  th e  nature of the  
isotherm s, but th e  areas increased  s l ig h tly  0.5 to  1 A® a t  the lower s ide  
of th e  tem perature. The iso therm s were not markedly d iffe re n t under the  pH 
conditions used. The natu re  of the  isotherm s showed th re e  d iffe re n t 
reg ions, (a) gas phase (uncondensed monolayer), (b) liq u id  phase (p a r tia lly  
condensed monolayer) and (c) so lid  phase (fu lly  condensed monolayer) 
isotherm s rep resen tin g  d if fe re n t arrangem ents of the  molecules. In th e  gas 
phase monolayer form th e re  was no p ressu re  r i s e  in  the  isotherm  and the  
area/molecule was >30 A®. In th e  liqu id  phas£monolayer, the  p ressu re  
s ta r te d  to  r i s e  and the natu re  of th i s  p a r t  of the  curve was dependent to
t










FIG. 3.4: ISOTHERM IN THE ABSENCE OF THE MONOLAYER ON (A) WATER and (B) ADDED 
LAYER OF CHLOROFORM SHOWING NEGLIGIBLE PRESSURE RISE.
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FIG. 3.5: PRESSURE-AREA PLOT OF STEARIC ACID MOLECULES FORMING SOLID PHASE 
MONOLAYER ON PURE WATER SUBPHASE.
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i t  formed a s l ig h t ly  expanded liqu id  phase and the  p ressu re  increased  to
around 20 mJT n r-1 a t  which p o in t a c lea r tra n s i t io n  occurred to  form a
fu lly  condensed monolayer. At th is  poin t there  was very l i t t l e  change in
the  area/m olecule but th e  p ressu re  rose  to  40 mN m_1. No h y s te re s is  was
noticed  on su rface  p ressu re -a rea  curves of acid  molecular film s, i.e . when
othe isotherm  curves were re traced , they fol^wed the  same tra c k  (Fig. 3.6). 
The iso therm al p lo t of s te a r ic  acid on 2.5 mM concen tra tions of calcium 
ch lo ride  and cadmium ch lo ride  so lu tion  subphases looked s im il ia r  to  pure 
water isotherm  except th a t  in stead  of having an expanded liqu id  phase, they 
were s l ig h t ly  condensed in  th e  liqu id  phase. The re sp ec tiv e  lim itin g  area 
per molecule was 22 A2 and 21 A2 (Figs. 3.7B and 3.7A).
The lim itin g  area/m olecule of so lid  film s on [Ca] = 10 mM of 
calcium bicarbonate so lu tio n s  was 23 ± 1 A2 and the  su rface  p ressu re  
measured was 45 mN nr*1 (Fig. 3 .7C). For p a r t ia l ly  compressed film s th e  
area/m olecule ranged from 25-30 A2 and had su rface  p re ssu res  of 
1-10 mlT m- 1 . The uncompressed film s were formed around the  su rface  
p ressu re  of 1 mN m-1 giving an area/m olecule of > 30 A2 .
The isotherm  p lo ts  of s te a r ic  acid  on b icarbonate so lu tio n  
subphase looked s im ila r  to  th e  p lo ts  drawn on calcium ch lo ride  so lu tion  
except th a t  they  were s l ig h tly  more condensed in  the  liq u id  phase and the 
tra n s i t io n  from liq u id  to  so lid  phase was c lea r and sharp . This re f le c ts  
the much higherCa3 of these  subphases.
From the  lim itin g  area/m olecule d a ta  th e  head group spacing 
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FIG. 3.7: PRESSURE-AREA CURVES OF STEARIC ACID ON (A) CADMIUM CHLORIDE, [Cd]=2.5 mM, 
(B) CALCIUM CHLORIDE, [Ca]=2.5 mM and (C) CALCIUM BICARBONATE, [Ca]=10 mM 
SOLUTION SUBPHASES;
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s tru c tu re , the  in ter-headgroup spacing was calcu la ted  as  Ga. 5.0 A fo r a 
lim itin g  molecular area of 24 A2 .
3 . 3 . 2  CRYSTAL GROWTH EXPERIMENTS:
<i> CRYSTALS GROVff Iff THE ABSEffCE OF KOffOLAYER: The randomly aggregated
c ry s ta ls  were observed by eye a t  th e  a ir /w a te r  in te rfa c e  a f te r  21 hours.
The polymorphic form of th e  c ry s ta ls  formed in  these  co n tro l experim ents 
were determ ined by XRD an a ly s is . The main polymorph farmed was c a lc ite . 
Table 3.1 shows the  XRD d iff ra c tio n  data  fo r  c ry s ta ls  co llec ted  in  a 
ty p ic a l experim ent. In a few repeated experim ents, one or two lin e s  
corresponding to  v a te r i te  were a lso  p resen t. However, no aragon ite  lin es  
could be seen. The presence of v a te r i te  lin e s  were no t c o n s is te n t and in  
some experim ents they could not be observed a t  a l l .  Q uantita tive  XRD 
measurement made fo r one experiment showed th a t  a t  le a s t  68% of the  
c ry s ta ls  by weight were c a lc ite  (Table 3.2). However, th i s  percentage 
increased  to  100% in  various experim ents.
O ptical m icroscopic observations (Fig. 3.8) showed th a t  the  
c ry s ta ls  were mainly rhombohedral c a lc i te  c ry s ta ls .  Truncated rhombohedral 
c a lc i te  c ry s ta ls  were a lso  observed p a rtic u la r ly  when th e  tem perature was 
le s s  than  290 K. Some more d en d ritic  growth of v a te r i te  c ry s ta ls  was a lso  
noticed. O ccasionally, need le-like  bunches of a ragon ite  were located. When 
the pH of the  so lu tion  was >6, the proportion of c a lc i te  formed was very 
high and no v a te r ite  lin e s  were observed in  the XRD data.
9 4
Table 3 .1 : XRD data  fo r the  c ry s ta ls  grown In th e  absence of
monolayers



















































Table 3 .2 : XRD q u a n tita tiv e  an a ly s is  of polymorphic com position of
CaC03 c ry s ta ls






















FIG. 3.8: RHOMBOHEDRAL CALCITE CRYSTALS RECORDED FROM OPTICAL 
MICROSCOPE GROWN FROM SUPERSATURATED BICARBONATE 
SOLUTIONS IN THE ABSENCE OF STEARIC ACID MONOLAYER.
(Scale bar: 50 um).
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Scanning e lec tron  microscopy showed th a t  th e  c a lc ite  c ry s ta ls  
formed a t  the  a ir /w a te r  In te rface  comprised symmetry re la ted  
<10.4) rhomb faces (Fig. 3 .9). The surface of th e  c ry s ta ls  were smooth and 
no roughening was observed. Twinning of th e  c ry s ta ls  was not seen and 
in te r-g row ths were sometimes observed. The s ize  measurements made from 
o p tica l and SEX m icrographs were heterogeneous (Fig. 3.10). The mean s iz e  
of th e  c ry s ta ls  was 30 pm with a s tandard  dev ia tion  of 12.5 pm. The 
nucleation d en sity  of the  c ry s ta ls  could no t be determ ined because of 
c ry s ta l  aggregation.
A m inority  of c ry s ta ls  were farmed a t  the  bottom of th e  
con tainers . These were sm all, d isc re te , smooth and non-oriented c a lc i te  
rhombs. Sizes of th ese  bottom c ry s ta ls  varied  from 5-20 pm. Changing th e  
to ta l  CCa3 had no s ig n if ic a n t influence in  th e  co n tro l experim ents. On 
reducing th e  CCa] from 9.0 mM to  1.3 mM, th e  su rface  c ry s ta ls  remained 
intergrow n and th e  v a te r ite  minor component was reduced o r absent.
Fig. 3.11 gives th e  FT-IR sp ec tra  of th e  product, c a lc ite .
For the  p lan ar C03 group having tr ig o n a l symmetry, th e re  a re  four expected 
fundamental modes of v ib ra tio n s . In c a lc ite , th e o re tic a lly , i t  i s  expected 
to  have th ree  d is t in c t  peaks and th e  peak around 1090 cm-1 due to  the  
symmetric s tre tc h in g  should be absen t. As expected, th e re  were th ree  
c h a ra c te r is t ic  peaks observed in  th e  IR sp ec tra  of c a lc ite  and th e  peak a t  
1090 cm-1 was absen t which ind ica ted  th e  absence of v a te r ite . The 
absorp tion  bands a t  708, 868 and 1376 cm-1 were due to  the  p lanar bending, 
out of plane bending and anti-sym m etric  s tre tc h in g  frequencies
98
FIG. 3.9: SEM OF RHOMBOHEDRAL CALCITE CRYSTALS GROWN 
FROM SUPERSATURATED BICARBONATE SOLUTION IN THE 
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FIG. 3.11: IR SPECTRUM OF CALCITE CRYSTALS GROWN IN THE ABSENCE OF STEARIC ACID MONOLAYER
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resp ec tiv e ly . The peaks a t  708 and 868 & 848 cm-1 were sharp  s in g le  
bands. The abso rp tion  band 1376 cm-1 was broad and s trong , and found to  
be asym m etrical.
<11> CRYSTAL GBQVTH. FROM KQHQLAYER EXPERI HERTS. _ AT.
C C al = 4 . 5  mM; C ry s ta ls  formed a t  the  a ir /w a te r  in te rface  under 
acid monolayers a t  [Ca] = 4.5 mM were alm ost grown as s in g le  bed of 
c ry s ta ls  and th e  XRD d a ta  a s  shown in  Table 3.3 and Fig. 3.12 gave 
exclusively  v a te r ite , whereas, th e  co n tro l c ry s ta ls  were mainly c a lc ite .
When th e  CCa] was increased  by increasing  the  level of carbon dioxide 
d isso lved  by changing th e  flow tim e or by th e  flow ra te , th e  c ry s ta ls  
obtained were a mixture of c a lc i te  and v a te r ite  (Table 3 .4). A fter 16 
hours, the  monolayer su rface  appeared v isu a lly  to  be coherent and the  
c ry s ta ls  were packed in ta c t  under th e  monolayer. Fig. 3.13A shows an 
op tica l m icrograph of th e  monolayer system recorded in s i tu .  When th e  
co llected  c ry s ta ls  were observed by o p tica l microscope, uniform ly spaced
and homogeneously sized f lo re t  shaped c ry s ta ls  were noticed. C ry s ta ls  from
\
the su rface  were co llec ted  in  such a way th a t  the  f lo r e ts  were o rien ted  as 
i f  being viewed from above the  monolayer (Fig. 3.13B). The d ish  c ry s ta ls  
exhib ited  s im ila r  o rie n ta tio n  and symmetry as trough c ry s ta ls  (Fig. 3.13C). 
These c ry s ta ls  exh ib ited  hexagonal symmetry w ith the s ix  fo ld  ro ta tio n  ax is  
perpendicular to  the  monolayer surface. On the b a s is  of the  c ry s ta l  
symmetry of v a te r i te  (chapter I, sec tio n  1.10) th i s  ind icated  th a t  the  
c ry s ta llo g rap h ic  c. a x is  ^
1 0 2
Table 3 .3 ; XRD d ata  fo r  the  c ry s ta ls  grown under s te a r ic  acid  
monolayers a t  CCal = 4.5 mK


















































FIG. 3.12: XRD PHOTOGRAPHS OF 0aCO3 CRYSTALS: (A) CRYSTALS 
GROWN IN THE ABSENCE OF A MONOLAYER (B) CRYSTALS 
GROWN IN THE PRESENCE OF A MONOLAYER AT [Ca] = 4.5 mM
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Table 3 .4 : XRD data  of the  mature c ry s ta ls  grown under acid  monolayer
a t  In term ediate  concen tra tion  of calcium ( 8.4 mM )







2.724 2.834 2.700 2.735




2.093 2.094 2.106 2.065
1.912 1.907 1.977 1.857
1.869 1.873 1.882 1.825
1.816 1.626 1.814 1.825
1.600 1.604 1.698 1.648
1.524 1.525 1.535
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FIG. 3.13: (A) OPTICAL MICROGRAPH OF VATERITE (IN SITU) 
CRYSTALS SHOWING THE ORIENTATIONS OF THE CRYSTALS 
UNDER THE MONOLAYER FROM PETRI DISH EXPERIMENTS (Scale 
bar = 100 (im)
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FIG. 3.13: (B) OPTICAL MICROGRAPH OF VATERITE SHOWING THE 
ORIENTATIONS OF THE CRYSTALS UNDER THE MONOLAYER IN 
THE TROUGH (VIEW FROM ABOVE MONOLAYER) (Scale bar = 100 
Hm)
FIG. 3.13: (C) OPTICAL MICROGRAPH SHOWING THE 
ORIENTATIONS OF THE VATERITE CRYSTALS GROWN UNDER THE 
MONOLAYER IN THE GLASS CRYSTALLIZATION DISHES AT [Ca] = 
4.5 mM (Scale bar = 50 i^m)
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was aligned  perpendicular to  th e  monolayer su rface . The s ize  d is tr ib u tio n  
of th e  c ry s ta ls  (Fig. 3.14) shows th e  highly  homogeneous nature ' o f th e  
c ry s ta ls  when compared w ith th e  con tro l experim ents (Fig. 3.10). The mean 
size  of th e  c ry s ta ls  grown in  the  trough were 80 pm. V a terite  f lo r e ts  from 
g la ss  d ish  experim ents were s l ig h tly  sm aller and had a mean s iz e  o f 60 pm. 
The number of c ry s ta ls  per u n it area was, on an average, 6350 per cm2 
(Table 3 .5 ). This number varied  s l ig h tly  under f lu c tu a tin g  su p e rsa tu ra tio n  
and room tem perature cond itions of d if fe re n t experim ents.
The mature (16 -21 hours) c ry s ta ls  were s tud ied  by scanning 
e lec tro n  microscopy. F i r s t  of a l l  th ese  s tu d ie s  confirm ed th e  observ atio n s  
obtained under o p tic a l microscope. Furthermore, i t  gave a  d e ta iled  
inform ation on the  o rien ta tio n  of th e  c ry s ta ls  and th e i r  su rface  te x tu re s . 
The su rface  of the  v a te r i te  c ry s ta ls  were roughened (Fig. 3.15). The 
c ry s ta ls  were viewed from two d iffe re n t d ire c tio n s . When they  were viewed 
as i f  from under the  monolayer th e  cen tra l d isk  appeared to  be th e  p o in t of 
con tac t w ith  the  monolayer. Further growth of th e  c ry s ta ls  were away from 
the monolayer in to  th e  so lu tion . When the  c ry s ta ls  were viewed a s  i f  from 
above th e  monolayer, th e  elevated po in t of co n tac t of th e  d isk  and the  
hexagonal symmetry of the  f lo re t  could be c le a r ly  seen (Fig. 3.16). The 
o rie n ta tio n  of th e  hexagonal p la te s  coplanar w ith  th e  monolayer showed th a t  
these  p la te s  were aligned with the  c. (00.1) face p a ra lle l  to  the  su rface  of 
the monolayer. A high m agnification SEK micrograph (Fig. 3.17) c le a r ly  
! shows th e  hexagonal p la te s  orien ted  p a ra lle l to  the  plane of th e  monolayer. 
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FIG. 3.14: HISTOGRAM OF CRYSTAL SIZE DISTRIBUTION OF VATERITE 
FLORETS FROM (A) TROUGH and (B) DISH EXPERIMENTS 
(Measurements made from micrographs).
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Table 3 .5 : Nucleation density  showing s tru c tu ra l and morphological 






C alc ite Non­
oriented
c a lc ite
V aterite Total
Type I Type II Type I Type II
9.0 Solid 5025 675 825 325 ----- 6850
9.0 Liquid 2550 725 1050 325 ----- 4900
4.5 Solid 500 150 450 4900 350 6350
4.5 Liquid 575 250 825 2700 300 4675
2.3 Solid 300 75 350 1000 ----- 1725
1.2 Solid 375 175 475 275 ----- 1300
Nucleation den sity  = Number of c r y s ta l s /1 cm2
FIG. 3.15: SEM OF THE VATERITE FLORETS: FRONT VIEW FROM 
UNDER THE MONOLAYER (Scale bar = 10 (im)
FIG. 3.16: SEM OF THE VATERITE FLORETS: VENTRAL VIEW SEEN 
FROM ABOVE THE MONOLAYER (Scale bar = 10 \Lm)
FIG. 3.17: EDGE OF THE FLORET CRYSTALS SHOWING THE 
HEXAGONAL PLATE FORMATION (Scale bar = 1 nm)
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the  plane of the  monolayer in d ica tin g  the  p a ly c ry s ta llin e  nature of the 
mature c ry s ta ls . The ea rly  c ry s ta ls  co llected  a t  time 45 minutes were 
biconvex shaped d isk s  (Fig. 3.18>. C ry sta ls  viewed from above the 
monolayer (3.18A) (comparable to  the  cen tra l elevated d isk  of the mature 
f lo r e ts )  and from th e  s id e  (Fig. 3.18B) could be seen in  the  same images.
I t  i s  probable th a t  when the  early  c ry s ta ls  were co llected  on the  s tubs, 
they would have fa lle n  over due to  th e ir  sm all s ize s .
From SEM an a ly s is , i t  was determined th a t the diam eter of 
the  e a r ly  d isk s  were h igh ly  homogeneous (Fig. 3.19). At around 45 minutes, 
prominent outgrowths appeared from the  edges of the d isk s  (Fig. 3.18). 
Growth of th e  c ry s ta ls  in to  the  so lu tion  phase was probably a d iffusion  
con tro lled  process. The prominent outgrowths in  the  form of hexagonal 
p la te s  from th e  edges of the  d isk s  resu lted  in  a h a t lik e  fea tu re  (Fig.
3.18C>, showing an e leva tion  in  the  cen tre  and could be observed in  the 
c ry s ta ls  co llec ted  w ith in  an hour a f te r  compression of th e  monolayer.
These outgrow ths increased  in  s ize  and the  mature f lo re ts  were formed 
f in a lly  from them. The v en tra l cone lik e  fea tu re  in  the cen tre  of the disk  
probably re p re se n ts  th e  o rig in a l po in t of con tac t to  the monolayer. They 
continued to  remain in  the  same way and was noticed in  the  mature. 16 
hours grown f lo re ts .  Thick c ry s ta ls  showed the  complex hexagonal 
morphology and . roughened surface  ind icated  the  fa s te r  growth ra te . 
Intergrow th of the  c ry s ta ls  was ra re ly  observed.
Leaving the  c ry s ta ls  under the  monolayer d id  not change the 
s ize  of th e  c ry s ta ls ,  but re su lted  in  su b s ta n tia l rem odelling of the
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FIG. 3.18: SEM OF THE EARLY VATERITE CRYSTALS: (A) TOP VIEW 
(B) SIDE VIEW AND (C) MATURE DISK GROWN UNDER SOLID 









FIG. 3.18 (D) SEM OF THE EARLY VATERITE CRYSTALS GROWN 
UNDER LIQUID PHASE MONOLAYER [t = 20 min] (Scale bar = 5 nm)
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v a te r ite  f lo r e t  morphology. The aged f lo re ts  were le ss  complex, exh ib ited  a 
c lea re r  hexagonal symmetry, were generally  th ick e r and showed ex tensive 
surface  d is so lu tio n  ( il l-d e f in e d  edges and etch  p i ts ) .  Vhen the c ry s ta ls  
were l e f t  a t  th e  in te rfa c e  fo r a longer period of 15 days they showed 
complete d isso lu tio n  of highly  soluble m etastable polymorph v a te r ite , and 
the form ation of non-orien ted  c a lc ite . Monolayer o rgan isation  seemed to  
have been lo s t  over th is  length of time.
Among th e  v a te r ite  f lo r e ts  a fu rth e r morphological type 
(type II) was a lso  p re sen t in  tra c e  amounts. This form was common under 
octadecylam ine monolayers and is  described in d e ta i l  in  Chapter IV.
3 . 3 . 3 .  EFFECT QP COMPRESSION CHANGES: Increasing o r decreasing
the monolayer area  w ith in  a sm all range, did not a ffe c t the  c ry s ta l  
s tru c tu re  and morphology of th e  orien ted  v a te r ite  c ry s ta ls ;  however, the  
nucleation d en s ity  was reduced and th e  percentage of non-oriented c a lc i te  
c ry s ta ls  increased  (Table 3 .5). The s ize s  of the c ry s ta ls  grown were 
s l ig h tly  la rg e r . The da ta  showed th a t  the  nucleation density  was reduced 
from 100% to  74%, when the  monolayer was changed from so lid  to  liqu id  
phase. However, the  numbers of monolayer farming acid molecules when 
compared from s o lid  to  liqu id  phase were not reduced to  the  same ex ten t 
but only reduced by 18% w ithin a d e f in ite  surface area. Furthermore, the  
d is tr ib u tio n  in  th e  d isk  diam eters of the early  c ry s ta ls  ind icated  a s l ig h t  
increase  in  th e  homogeneity of the  c ry s ta l  nucleation in  the  liqu id  phase 
monolayer (Fig. 3.19B, and Fig 3.18D). This showed th a t th e  nucleation










FIG. 3.19: HISTOGRAM SHOWING THE SIZE DISTRIBUTION OF 
EARLY CRYSTALS COLLECTED UNDER (A) SOLID PHASE (At t=45 
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den sity  was a ffec ted  by the  r ig id i ty  of tfie monolayers t bu t the  s tru c tu re  
morphology and o rie n ta tio n  remained unaffected.
C ry s ta lliz a tio n  under uncompressed s te a r ic  acid  monolayers 
re su lted  in  a m ixture of v a te r i te  and c a lc ite  c ry s ta ls .  The number of 
c ry s ta ls  were le ss  in  th ese  gas phase monolayers w ith a high percentage of 
nan-orien ted  c ry s ta ls .  There were no changes in  the  alignm ent and 
morphology of th e  o rien ted  c ry s ta ls  grown. The monolayer was no t v isu a lly  
coherent and d if fe re n t patches of non-uniform areas of monolayer with 
d iffe re n t d e n s it ie s  of c ry s ta ls  were seen across th e  su rface . This 
suggests th a t  the  su rface  was condensed in  localised  reg ions even in  the  
g a s- lik e  s ta t e  presumably local Ca binding can induce domain form ation and 
some degree of o rien ted  nucleation  in  these expanded film s.
3.3.4 CRYSTAL GROWTH FROM MTTffPLAYER EXPERIMENTS
AT CCal = Q thIT; The change in  the su p ersa tu ra tio n  of the 
so lu tion  had a profound e ffe c t on the  c ry s ta ls  grown under the  monolayer. 
The measurement of the  su p ersa tu ra tio n  was complicated as i t  depended on 
the spec ia tion  of b icarbonate  and carbonate, pH and d isso lved  CCh 
concentration . The concen tra tion  of calcium in th e  so lu tion  was used as a 
marker fo r su p ersa tu ra tio n  changes.
C ry s ta ls  grown a t  an increased concentra tion  of calcium a t  
9.0 mM gave a s tr ik in g  change in the  re su lt . C ry sta ls  grown under the  
monolayer a t  th i s  high concen tra tion  of calcium were mainly c a lc ite  of 
d is t in c t  morphology. Q ualita tive  XRD showed the  s trong  lin e s  of c a lc ite
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ta b le  3.6) and q u an tita tiv e  XRD data of a ty p ica l experim ent (ca lib ra tio n  
curve -  Fig. 3.20) gave a t  le a s t  70% by weight of the  c ry s ta ls  as  c a lc ite . 
FT-IR sp e c tra l a n a ly s is  of th ese  c ry s ta ls  a lso  confirmed the  s tru c tu re  of 
c a lc ite  (Fig, 3.21.A). At th is  .juncture, i t  i s  in te re s tin g  to  observe th a t  
the FT-IR data  g ives some in s ig h t in to  the  possib le  incorpora tion  of the  
carboxylate  groups in to  th e  c ry s ta l  la t t ic e  of c a lc ite  c ry s ta ls .  Fig. 3.3 
shows the  IR absorp tion  band fo r the carboxyl group of s te a r ic  acid  under 
normal cond itions a t  1700 cm- 1 , whereas IR sp ec tra  (Fig. 3.21 .B) of s te a r ic  
acid monolayer detected  along with the  c a lc ite  c ry s ta ls  gave a s tro n g  
absorp tion  band a t  1581 cm ~'1. The s h i f t  in  th e  abso rp tion  band fo r the  
carboxyl C=0 group from 1700 to  1581 cm- 1 , (c h a ra c te r is tic  absorp tion  peak 
fo r th e  ionized carboxyl group) in d ica tes  the  high percentage of the  
ion iza tion  of th e  carboxyl group under the  monolayer. S im ilar observations 
using cadmium s a l t  so lu tio n s  under acid monolayers has been reported  
recen tly  [1923. Repeated washings did  not completely e lim inate  th e  s te a ra te  
molecules from the  c ry s ta ls .
However, the morphology of the  c a lc ite  c ry s ta ls  was 
d iffe re n t from the  normal rhombohedral c a lc ite  c ry s ta ls .  Dish c ry s ta ls  
when viewed in s i tu  under o p tica l microscopy were found to  be highly 
homogeneous d is c re te  th in  p la te s  of rhombohedral c a lc ite . These c ry s ta ls  
were co llec ted  and viewed under o p tic a l microscopy (Fig. 3.22). SEM 
micrographs showed th a t  th ese  p la te s  had a smooth orien ted  elevation  in  the  
cen tre  (Fig. 3.23). But th e  basa l surface was roughened and the  s id e  edges 
were smooth. This predominant morphological form (type I) exh ib ited  cs»v
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Table 3 ,6 : XRD data  o f the  mature c ry s ta ls  grown under the monolayer 
a t  high concen tra tion  of calcium C 9-0 mM )
d-spacing  C alc ite  Aragonite V aterite
< A )




2.732 2.834 2.700 2.735
2.489 2.495 2.481 2.219
2.285 2.284 2.328 2.122
2.093 2.094 2.106 2.065
1.908 1.907 1.977 1.857
1.889 1.873 1.882 1.825
1.812 1.626 1.814 1.825
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FIG. 3.20: XRD QUANTITATIVE ANALYSIS - CALIBRATION PLOT FOR 
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3 .2 1 :  IR SPECTRA OF CALCITE PLATES GROWN UNDER ACID MONOLAYER: (A) SAMPLE PRIOR TOI
WASHING, (B) AFTER WASHING WITH CHLOROFORM and (C) AFTER SEVERAL WASHINGS.
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FIG. 3.22: OPTICAL MICROGRAPH OF CALCITE CRYSTALS GROWN 
UNDER ACID MONOLAYER AT HIGHER CONCENTRATION OF 
CALCIUM (9 mM) (Scale bar = 50 |im)
FIG. 3.23: SEM OF ORIENTED CALCITE PLATE (Scale bar = 10 nm)
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symmetry w ith a l l  four edges of the basal (10.4) face being expressed. The 
c ry s ta ls  had smooth rhombohedral <10.4) s id e  faces and were often wedge- 
shaped. There were changes in c ry s ta l  tex tu re$ a t d if f e re n t s id es  of the 
long diagonal of the  rhombohedral basal p la te  (Fig. 3.24). The th ick er 
c ry s ta l  h a lf  was well defined and generally  had u n in te rrup ted  <10.4) edges 
w h ils t th e  th in n e r s id e  contained f is su re s  and stepped edges. Viewed from 
below th e  monolayer, the  c ry s ta ls  had smooth rhombohedral <10.4) basal 
faces (Fig. 3.25). Many c ry s ta ls  contained a c e n tra l c av ity  (Fig. 3.26) 
in d ica tiv e  of d iffu sio n -lim ited  growth probably caused by su p ersa tu ra tion  
g rad ien ts  accompanying lo ss  of C02 a t  the a ir /w a te r  in te rfa c e . The 
c ry s ta llo g rap h ic  d irec tio n  p a ra lle l to  the long d iagonal of the  (10.4) basa l 
face corresponds to  the  a. ax is. This ax is  i s  perpendicu lar to  [001] 
d irec tio n  of th e  c a lc ite  rhombs.
The smooth cen tra l elevation of c a lc i te  p la te s  comprised 
th ree  in c lin ed  faces, two of which were re la ted  by re f le c tio n  symmetry (Fig. 
3.27). The in te rse c tio n  of th ese  two faces formed a rid g e  which when 
viewed in  p ro jec tion  ran p a ra lle l to  the [20.^11 d ire c tio n . A second ridge , 
formed by th e  in te rsec tio n  w ith the  remaining face was a ligned  p a ra lle l to  
the a. a x is . The apex of the  elevated feature  was ir r e g u la r  and no 
c ry s ta llo g rap h ic  faces could be observed. The s iz e  measurements showed 
th a t the  base p la te s  of the  c ry s ta ls  were o f a narrow p a r t ic le  s ize  
d is tr ib u tio n  w ith a mean length 60 pm and <r = 10.5 (Fig. 3.28). There were 
not much d iffe ren ces  between the length and w idth s iz e s  of th e  c ry s ta l 
i (Fig. 3 .29). The s ize  of c en tra l elevation  was around 5 -  10 pm across.
C
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FIG. 3.24: SINGLE FULL PLATE SHOWING THE ROUGHENED 
SURFACE AND THE WEDGE SHAPE OF THE CRYSTAL (Scale bar = 10
Hm)
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FIG. 3.25: SEM SHOWING THE SMOOTH VENTRAL SURFACE OF 
THE CALCITE PLATES (Scale bar = 100 ^m)
FIG. 3.26: SEM SHOWING THE BACK OF THE CALCITE PLATE WITH 
CENTRAL CAVITY (Scale bar = 10 nm)
FIG. 3.27: SEM OF THE CENTRAL ELEVATION OF AN ORIENTED 
CALCITE PLATE. DETAILS OF THE THREE INCLINED RIDGES AND 
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FIG. 3.28: HISTOGRAM SHOWING THE PARTICLE SIZE 
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FIG. 3.29: HISTOGRAM SHOWING THE PARTICLE
(Width) DISTRIBUTION OF CALCITE PLATES
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The base p la te  th ick n ess  was = 5 pm in s ize  along the th ick e r s ide  of the 
c ry s ta l  (Fig. 3.30). The top su rface  of the  c ry s ta l  which was in  con tac t 
w ith the monolayer had a roughened tex tu re  in d ica tin g  the  f a s t  growth ra te  
of the  c ry s ta l  probably due to  the  in te ra c tio n  of the  monolayer. The 
nucleation den sity  of the c a lc ite  p la te s  wcwS 6850 per cm2 and is  s l ig h tly  
h igher than th a t  of v a te r i te  f lo r e ts  (Table 3.5). In some experim ents a 
morphologically re la ted  form of type II c ry s ta ls  were observed. The type 
II c a lc ite  c ry s ta ls  did  no t show th e  p la te - l ik e  morphology c h a ra c te r is t ic  
of type I c ry s ta ls .  SEM m icrographs of these  p la te s  c lea rly  showed th e  
base p la te s  and th e  c e n tra lly  e levated  rhombohedral c ry s ta ls .  These 
c ry s ta ls  had psuedo c s  symmetry and were tr ian g u la r  in  p ro jec tion  w ith 
only two of the  four b asa l (10.4> faces being developed (Fig. 3.31). The 
upper roughened su rface  of type II c ry s ta ls  was elevated across  the  e n tire  
c ry s ta l  and the  s id e  faces were smooth <10.4> faces. Three inclined  faces 
equivalent to  those  p resen t on th e  c e n tra l e levation  of type I c ry s ta ls  were 
observed. In some c ry s ta ls ,  smooth rhombohedral faces decorated along the 
sh o rte r  inc lined  rid g e  (Fig. 3.32). This enabled the  o rien ta tio n  of these 
faces to  be determ ined from the  morphological an a ly s is  (Fig. 3.33). The a. 
and c. axes of the decorated rhombs were in  the plane of the  monolayer.
Thus the face aligned p a ra l le l  to  the  monolayer surface was of <1 1.0) form 
which i s  a f i r s t  o rder p rism a tic  face. Hence, nucleation on the (1 1.0) 
face is  p re fe re n tia lly  s ta b iliz e d  by the  s te a ra te  monolayer. Once nucleated 
the c ry s ta ls  seemed to  have grown th e  same way to  a c r i t i c a l  s ize  a f te r  
which in  some experim ents the c ry s ta l  s ta r te d  to  grow away from the
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S iz e  in j j m
FIG. 3.30: HISTOGRAM SHOWING THE SIZE (Thickness) 
DISTRIBUTION OF CALCITE PLATES 
(Measurements were made on the thicker side 
of the crystal).
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FIG. 3.31: SEM OF CALCITE TYPE II CRYSTAL (Scale bar = 10 |im)
u>
Os
FIG. 3.32: SEM OF CALCITE TYPE II CRYSTAL SHOWING 
RHOMBOHEDRAL DECORATION ALONG ONE OF THE INCLINED 
RIDGES (Scale bar = 20 nm)
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FIG. 3 .3 3 : SCHEMATIC DIAGRAM SHOWING THE ORIENTATION OF THE 
CALCITE PLATE WITH RESPECT TO THE MONOLAYER 
SURFACE.
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monolayer, which led to  the  development of fu ll  p la te s . The in c lin a tio n  of 
the c e n tra l e levation  to  th e  base p la te  a t  around 45«* showed th a t  fea tu re  
of the c ry s ta l  <Fig. 3.34). This in c lin a tio n  developed th e  wedge shaped 
type I c a lc i te  c ry s ta ls .  The trough c a lc ite  c ry s ta ls  were s im ila r  to  type 
II c ry s ta ls  except th a t  they had extended growth along the  in -p lane  a. ax is  
d irec tio n  and developed mountain range type of c a lc ite  <Fig. 3.35) c ry s ta ls . 
This could be due to  the d ifferen ce  in  the  surface  concentration  r a t io  of 
calcium to  b icarbonate ions.
When there  was s l ig h t  flu c tua tion  in the  concen tra tion  of 
calcium, th e  populations of th e  c ry s ta l  types obtained were s l ig h tly  
d iffe re n t and variab le . For example, when th e re  was 8.4 mM concen tra tion  
of calcium, the  two types of c a lc i te  c ry s ta ls  along with some non-oriented 
c a lc ite  c ry s ta ls  and v a te r i te  f lo r e ts  were observed under the  monolayer 
(Fig .3.36). For some reason the  nature of the  so lu tion  had prevented the  
type II c ry s ta ls  from growing in to  a fu l l  p la te . When th e re  was a sm all 
change in  room tem perature th e  coherence of the  monolayer molecules 
s l ig h tly  decreased and th a t  was shown by th e  presence of sm all aggregates 
of non-oriented c o n tro l- lik e , normal and truncated  rhombohedral c ry s ta ls .  
The presence of non-orien ted  c ry s ta ls  were only seen in same d ish  
experiments, and a t  the  edges of the  monolayers near the  b a r r ie r  b e lt  in 
the trough experim ents. However^ even in the  non-oriented c ry s ta ls  the 
jsurface roughening and a s l ig h t  e levation  in  the cen tre  could be seen 
'ind icating  a p h y sica l in te ra c tio n  with the surface. When the  calcium
FIG. 3.34: SEM OF TYPE I CALCITE VIEWED FROM THE SIDE 
SHOWING WEDGE-SHAPED PROFILE AND THE VARYING SURFACE 
TEXTURE OF DIFFERENT SIDES (Scale bar = 10 (im)
FIG. 3.35: SEM OF TYPE II CALCITE CRYSTAL WHICH HAS GROWN 




C 3  0  £
1
$
' * ^ * ?  | ^ - b
■:r  % «M
^  " 4
^  c - f e  ^
/ h » a .
f
FIG.3.36: OPTICAL MICROGRAPH SHOWING ORIENTED TYPE I (A) 
AND TYPE II (B) CALCITE CRYSTALS AND SOME TYPE III 
NON-ORIENTED TRUNCATED RHOMBS (C).
(Scale bar = 10 urn)
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concen tra tion  was reduced to  h a lf  a t around 4.5 mM th e  system  completely 
switched to  nucleate v a te r i te  as  described in  sec tio n  3.3 ( i i i )  (b).
From the  experim ental re su lts , i t  i s  seen th a t  both calcium 
concen tra tion  and calcium /bicarbonate concentration r a t io  has influence to  
some ex ten t in  d ic ta tin g  the  s tru c tu re  of the  c ry s ta l  farmed. However the  
experim ents show th a t  i t  i s  possib le  to  get both o rien ted  c a lc i te  and 
v a te r i te  c ry s ta ls  under su itab le  so lu tion  conditions in  s te a r ic  acid  
monolayers which a re  c lea rly  d iffe re n t from the  co n tro l c r y s ta ls .
3 . 3 . 5  DILUTION EXPERIMENTS: The ty p ica l experim ents done in  the
g la ss  d ish es  have shown th a t  i t  i s  p o ssib le  t D  get both  v a te r i te  and 
c a lc i te  c ry s ta ls  under su ita b le  d ilu tio n s . In the  experim ent where the 
calcium b icarbonate  so lu tion  of 9mM calcium concen tra tion  was prepared and 
d ilu ted  to  four d if fe re n t concen tra tions the re s u lts  obtained  were 
rem arkable. At 9 mM concentra tion  complete fu ll  p la te s  were nucleated and 
grown on th e  su rface . The v a te r ite  c ry s ta ls , c a lc ite  h a lf  p la te s , and the 
non-orien ted  tru n ca ted  rhombs were completely absen t. When th e  so lu tion  
was d ilu ted  to  4.5 mM and th e  monolayer spread the  c r y s ta ls  were 
exclusively  v a te r ite .
At lower concentra tion  of calcium a t  2.3 mM the  c ry s ta ls  
grown were a m ixture of c a lc ite  p la te s , v a te r ite  f lo r e ts  and non-orien ted  
rhombs. However the  nucleation density  was very low (Table 3.2) and the 
s ize s  of th e  c ry s ta ls  were very sm all which was expected o f a t  a low 
concen tra tion . F urther when the  so lu tion  was d ilu ted  to  1.2 mM calcium
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concentra tion  the  c ry s ta ls  could not be id e n tif ie d  a t  around normal 20 
hours under o p tic a l microscope. When they were allowed to  grow upto 44 
hours, sm all, nan-orien ted  rhombohedral c ry s ta ls  we re  mainly seen along 
w ith some c a lc i te  p la te s . However the  v a te r i te  form ation was mainly 
elim inated. The system was so s e n s itiv e  th a t  a sm all change in  the 
concen tra tion  of the  so lu tion  reduced the  rep ro d u c ib ility  of the re s u lts . 
However, the  c a lc i te  fu ll  p la te s  were reproducibly  obtained which are a t  
p resen t unique fo r s te a r ic  acid  monolayers. I t  was so se n s itiv e  th a t a t  
in term ediate  concen tra tions from 9 to  4.5 mM concen tra tions, m ixture of 
c a lc ite  and v a te r i te  c ry s ta ls ,  m ixture of fu l l  p la te s , h a lf  p la te s  and non- 
o rien ted  trunca ted  rhombs were p resen t (Fig. 3.36).
Cvi) THE EARLY CRYSTAL GROWTH STUDY QF THE CALCITE PLATES:
The c a lc ite  c ry s ta ls  grown under acid  monolayers were analysed fo r th e ir  
s tru c tu re  and morphology in  th e ir  early  growth stage . The XRD data of the 
early  c ry s ta ls  (Table 3.7) had shown th a t  the  c ry s ta ls  were mainly c a lc ite . 
The early  c ry s ta ls  were too sm all to  id en tify  them under o p tica l 
microscope. The SEM m icrographs o f the  c ry s ta ls  co llec ted  between 20 to  
40 minutes showed (Fig. 3.37) th a t  the  c ry s ta ls  were th in  c a lc ite  p la te s  
with a rhombohedral extension which were s im ila r in  o rien ta tio n  and 
morphology of the  mature c ry s ta ls .  This in d ica tes  th a t  th e  c ry s ta ls  
nucleated were s tab le  a t  20 minutes and continue to  grow without any 
changes in  th e  growth processes.
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Table 3 .7 : XRD data of the  ea r ly  c ry s ta ls  a t  h igher concentra tion  of
calcium C 9.0 mM ). [Grown under acid  monolayer], 
(d-spacing in  A)











FIG. 3.37: SEM OF AN EARLY CALCITE PLATE COLLECTED AT t = 20 
MINUTES (Scale bar = 1 pm)
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C ry sta ls  grown a t  the  bottom of the  d ishes were s im ila r to  
con tro l bottom c ry s ta ls .  They were sm all, smooth, d isc re te  rhombohedral 
c ry s ta ls  and were adhered to  the  bottom surface  of the con tainers.
The re s u lts  shown above Ind icate  the  form ation of s ta b le  
s te a ra te  film s and elucidated the con tro lled  c ry s ta ll iz a tio n  of calcium 
carbonate under the  monolayer. At low [Cal of 4.5 mM, v a te r i te  is  formed 
and i s  s p e c if ic a lly  o rien ted  on the (00.1) face p a ra lle l to  the  monolayer 
surface. At h igher CCa] of 9 mM, Ca2'*' binding to  the  COQ“graup i s  e ffected  
and a t  th i s  juncture the  orien ted  c a lc ite  nucleation  occurs. Hence, i t  i s  
v i ta l  to  analyse the re s u lts  and id en tify  the  reasons fo r  the  form ation of 
v a te r i te  and i t s  sp e c if ic  o rien ta tio n  with respec t to  monolayer a t  low 
su p ersa tu ra tio n  and the  form ation of h ighly orien ted  c a lc ite  c ry s ta ls  a t  
h igher su p ersa tu ra tio n  under the  monolayer. Some p o ssib le  fa c to rs  th a t  
could be responsib le  fo r  the  sp ec if ic  c ry s ta l  form ation and i t s  o rien ta tio n  
are d iscussed  below.
3.4 .1  IQ3Sr B ISP IIT G :
Changing the  com position of the  subphase so lu tio n  w ith 
CdCla, Cads* and Ca(HC03>2 so lu tion  re su lted  in  some condensing e ffe c t on 
the isotherm . The condensed nature of the monolayer in the  liq u id  phase 
might be due to  th e  incorpora tion  of d iva len t ca tio n s, and the  c ro s s -  
link ing  ac tio n s  of Cd2*- and Ca2"*" ions, which requ ire  two s te a ra te  ions fo r 
e le c tro n e u tra lity . Incorporation of these ions in to  the  s tru c tu re  a lso  
accounts fo r  a sm all change in surface  area/m olecule. At pH b.4 form ation 
of a homogeneous mixture of s te a r ic  acid and a high proportion  of calcium 
s te a ra te  have a lso  been reported  C1353. S lig h tly  more condensed film  
form ation under Ca(HCOa)2 so lu tion  subphase observed in  comparison with
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CaCl= so lu tion  was due to  the  h igher [Ca3 in  the  bicarbonate so lu tion . The 
p ass ib le  e ffe c t by HCOa-  ions in  the  so lu tion  could a lso  be responsib le  fo r 
h igher condensation.
I t  i s  known from previous s tu d ies  th a t  th e  uptake of calcium 
by s te a r ic  acid  film s and calcium induced binding to  form a calcium 
S tern  layer depends on the  amount of calcium, the  nature  of o ther ca tions 
p resen t (com petitive adsorp tion) and on the  nature of th e  anions p resen t 
in  the  subphase [1863. Hence^the d ifference  in  the  increased condensation 
in  the  liq u id  phase and Increased area/m olecule in  so lid  phase on calcium 
bicarbonate so lu tion  can be explained by a) higher CCal lev e ls  and b) an 
e ffe c t due to  HCOa-VCOa2-  in te ra c tio n s  a t the  monolayer headgroups.
S lig h t expansion of the  isotherm  a t  m arginally  h igher experim ental 
tem perature in d ica te s  a sm all therm al m obility  of the  molecules on the 
surface. S im ilarly  increased amount of COz in the so lu tion  causes sm all 
increase  in  th e  surface area (data not shown) which might be due to  the  
increased  perm eability  of C02 h indering  th e  h ighest p o ssib le  c lose  packed 
monolayer form ation [138].
3.4.2 PHYS1CQ-CHEKICAL FACTORS AFFECT DIG THE CRYSTAL FORMATION I I  THE 
ABSENCE OF MONOLAYER: The question of conditions governing th e
polymorphic forms of calcium carbonate in  na tu ra l environments has 
prompted numerous s tu d ies  on the e ffe c t of various fa c to rs  on calcium 
carbonate p re c ip ita tio n  in aqueous so lu tio n s . These s tu d ie s  have a ra th e r  
lengthy h is to ry , dating  well back in to  the la s t  century. The p re c ip ita tio n  
of calcium carbonate in  aqueous so lu tio n s  i s  a problem a ttra c t in g  the
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a tte n tio n  of many in v e s tig a to rs  in  a v a rie ty  of f ie ld s . I ts  importance 
stem s from tlie fa c t  th a t  CaC03 is  encountered in  numerous s itu a tio n s  both 
in  industry  and in b io log ica l environments. A thorough understanding of 
the mechanism of p re c ip ita tio n  of CaC03 , although of paramount importance 
has not ye t been estab lish ed .
The p resen t con tro l experim ents were very se n s itiv e  to  
fa c to rs  such a s  su p ersa tu ra tio n , tem perature, p u rity  of th e  system, 
o rgan ic /ino rgan ic  ad d itiv e s , pH of th e  so lu tion  and the  C03 flux . K itano's 
d e ta iled  study on calcium carbonate p re c ip ita tio n  shows the  influence of 
these  fa c to rs  on the  polymorphic forms of CaC03 . I t  was reported  C187] 
th a t the tem perature has profound e ffe c t on the  su p ersa tu ra tio n  and the 
ra te  of nucleation of the  so lu tion . Prompted by th is  observation  the 
tem perature of the  so lu tion  was m aintained co n stan t throughout th i s  work a t 
301 K by using a cold water bath. The main polymorph formed in  the  co n tro l 
experim ent being thermodynamically s ta b le  c a lc ite , in d ica te s  th a t  the 
c ry s ta l  nucleation  i s  thermodynamically con tro lled . However the  form ation 
of a sm all amount of more soluble v a te r i te  c ry s ta ls  suggests th a t  localized 
k in e tic  e f fe c ts  on nucleation a re  a lso  p resen t. The heterogeneous s ize  
d is tr ib u tio n  of c a lc ite  c ry s ta ls  in d ica tes  a continuous nucleation event. 
Changes in  su p ersa tu ra tio n  effected  by varying the  flow ra te  of C02 and the 
bubbling tim e showed th a t the  o v e r-a ll ionic concen tra tions and possib ly  
the re la t iv e  r a t io  of CCa] and [HC03~3 in so lu tion  mainly determined the 
nucleation ra te  and hence the  polymorph formed. However, the fa c to rs  th a t  
slowed th e  system down such as reduced tem perature g rea tly  favoured the
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form ation D f  c a lc ite  [1881. The fa c to rs  th a t  increased th e  ra te  of 
evolution of carbon dioxide from th e  so lu tion  such as high tem perature, 
high flow ra te  and slow s t i r r in g  increased th e  proportion  of v a te r ite . In 
summary th ese  s tu d ie s  in d ica te  th e  s e n s i t iv i ty  of the system under 
in v e s tig a tio n  to  a wide range of p h ysica l and chemical fa c to rs .
The co n tro l c ry s ta ls  formed w ithout any sp ec ific  o rien ta tio n  
a t  the  a ir /w a te r  in te rface . They were aggregated, c lu ste red  and highly 
heterogeneous in  population in d ica tin g  a random growth process. The 
presence of truncated  rhombohedral c ry s ta ls  in  some areas  on the  surface  
occasionally  showed th a t  the  normal form in growth h ab it was occasionally  
perturbed. As no sp e c if ic  trunca ted  faces were observed, these  e ffe c ts  were 
p o ssib ly  due to  s p a tia l  r e s t r ic t io n s  in  growth a t  the  a ir /w a te r  boundary.
The presence of ac icu la r n eed le-like  bunches of a ragon ite  in 
some experim ents may be due to  a k in e tic  e ffe c t or p o ssib ly  a r is e s  from the  
presence of tra c e  amount of magnesium in the  so lu tion  C1893. The d isc re te  
well defined rhombohedral c a lc i te  c ry s ta ls  formed a t  the  bottom of the 
con tainers  in d ica te  a slower p re c ip ita tio n  r a te  probably due to  th e  slower 
su p ersa tu ra tion  generated by d iffu sio n  lim ita tio n s  a t  the  g lass/w ater 
in te rface .
3.4.3 CRYSTALS GEQW  UHDER STEARATE MDffQLAYERS A T .4 .5  .mM 
CONCEITT RAT IQN: The XRD d a ta  of th e  polymorph co llected  from d ish
experiments a t  tCa] = 4.5 mM under fu lly  compressed film s in d ica te  the 
p referred  form ation of v a te r i te  under s te a ra te  monolayer a t  th is  
su p ersa tu ra tian  level. Highly o rien ted  and homogeneously grown c ry s ta ls
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show th a t  th e  nucleation has occurred as one s in g le  event w ith in  a sm all 
tim e span. The absence of d isk  c ry s ta ls  and h a t- l ik e  outgrowths a t  t=16 
hours, in d ica te  the  absence of any seco n d ary /la te r nucleation  event. This 
a lso  shows th a t  nucleation is  c a ta ly tic  under the  monolayer. Stoppage of
secondary nucleation  might be due to  the  quick f a l l  in  su p ersa tu ra tio n  /
/
levels. I t  has been well e stab lish ed  th a t  higher su p ersa tu ra tio n  levels 
give f a s t  nucleation  ra te . Thus the  localized  su p ersa tu ra tio n  level under 
the  monolayer could be h igher when compared to  subphase so lu tion . The 
increase  in  su p ersa tu ra tio n  a t  th e  su rface  i s  p o ssib le  due to  the  charged 
su rface  generating  high localized  lev e ls  of ions by e le c tro s ta t ic  
in te ra c tio n s . This induced su p ersa tu ra tio n  on th e  su rface  then reduces the 
surface free  energy of nucleation and thus k in e tic a lly  favours v a te r i te  
nucleation. The increased charge accumulation may fu r th e r  give a value 
< 1 fo r Cas'VHCCb" r a t io  which enhances the  form ation of k in e tic  phase 
v a te r i te  [170] under th e  monolayer.
P re fe re n tia l form ation and in ev itab le  presence of v a te r i te  a t  
various CCal up to  8.4 mM, shows th a t  the system i t s e l f  p re fe rs  to  form 
v a te r ite  nuclei a t  c e r ta in  cond itions which i s  not too dependent on CCal of 
the so lu tion  alone. Some prelim inary experiments w ith excess of HC03“ ions 
in  so lu tion , have shown the  p re fe rred  form ation of v a te r i te . Also s im ila r 
experim ental s tu d ie s  suggested th a t  increasing  th e  speed of p re c ip ita tio n  
by increasing  HCO3-  ions w ith condensed CO2 may a s s i s t  in  the form ation of 
v a te r ite  although no d e ta iled  experim ents have been performed on th i s  
problem [172]. Lippmann [170] has reported  th a t v a te r i te  may
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nucleate  and grow a t ord inary  tem perature under su itab le  conditions 
con tain ing  non -sto ich iom etric  p roportions o f ions having excess of CQa2- 
ions in  so lu tio n . The open arrangem ent of carbonate groups in v a te r ite , 
whose p lanes a re  o rien ta ted  p a ra lle l  to  q. ax is  can to le ra te  the 
e le c tro s ta t ic  repu lsion  due to  excess su rface  carbonate, qu ite  d if fe re n t 
from th e  coplanar arrangem ent in  c a lc ite , which i s  d estab ilized  by mutual 
repu lsion . Furthermore, the  v a te r i te  s tru c tu re  appears to  be n a tu ra lly  more 
to le ra n t to  s l ig h t  d iso rie n ta tio n s .
In sh o rt, a negative charge caused e ith e r  by su ff ic ie n tly  
d isso lved  C032 -  or by th e  formed layer o f C00“ ions c rea tin g  a negatively  
charged su rface  fo r  the  nuclei seems to  be th e  condition fo r v a te r i te  
form ation. Once formed i t  i s  fu r th e r  s tab iliz e d  by the  charged layer of 
carboxylate  ions. The sp e c if ic  binding of calcium ions to  COO-  does not 
seem to  be a v i ta l  fa c to r  fo r  the  form ation of v a te r ite .
However th e  o rien ta tio n  of the  v a te r i te  c ry s ta ls  with the  
[00.11 ax is  perpendicular to  the  monolayer surface  i s  a lso  influenced 
strong ly  by th e  s te a ra te  monolayer. This suggests th a t  along with 
e le c tro s ta t ic  in te ra c tio n  between the  s te a ra te  surface and the  v a te r i te  
nuclei, s tru c tu ra l  and stereochem ical re la tio n sh ip s  may be im portant a t  the 
nuclei-m onolayer in te rfa c e .
3.4.3 STEREOCHEMICAL CORRELATION: The form ation of <00.1) face -
o rien ted  v a te r i te  under s te a r ic  acid  monolayer could be explained as 
fallow s. Once v a te r ite  i s  nucleated under charged monolayer, stereochem ical 
and s tru c tu ra l  c o rre la tio n  between th e  caboxylate head group and the
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c ry s ta l  la t t i c e  o f the  nuclei formed s ta b i l is e s  i t  In the  most p re fe rred  
o rie n ta tio n . In th e  case  of v a te r i te , there  i s  no s tru c tu ra l  matching 
between th e  head group spacing of the  carboxylate head group and the  Ca-Ca 
d is tan ces  in  th e  (00.1) face of v a te r i te  (Fig.3.38.A). Head group spacing a t 
the compressed monolayer i s  * 5 A which is  c lo se  to  th e  Ca-Ca d is tan ce  in 
(00.1) face of c a lc i te  (4.96 A) but not of v a te r i te  which i s  4.13 A. So the  
e ffe c t of s t ru c tu ra l  matching on th e  nucleation of v a te r i te  is  no t possib le  
as the  low est p o ssib le  lim itin g  head group spacing i s  h igher than the Ca-Ca 
d is tan ces  in  (00.1) face of v a te r i te . However, in  sp ite  of the  mismatch 
between s te a ra te  layer and (00.1) face of v a te r ite , the  v a te r i te  nuclei owe 
o rien ted  and s ta b i l is e d  on th e  (00.1) face. One p o s s ib il i ty  is  th a t  such 
p referred  o r ie n ta tio n  may be favoured by a stereochem ical re la tio n  between 
carboxylate groups and carbonates in  the  (00.1) face (Fig.3.38.B). The 
p lanar CO32 - group i s  perpendicu larly  o rien ta ted  to  the calcium in  (00.1) 
layer which i s  s im ila r  to  th e  o rien ta tio n  of th e  carboxylate  head group a t  
the m onolayer-solution in te rface . At pH = 6 and CCa] = 4.5 mM, i t  i s  
unlikely th a t  s tro n g  calcium binding to  form calcium s te a ra te  monolayer 
occurs. Furtherm ore, s im ila r  o rien ted  v a te r ite  c ry s ta ls  formed under 
positive-charged  monolayer (see in  Chapters IV ), show th a t  although the  
above stereochem ical re la tio n  may e x is t , o ther fa c to rs  may be im portant in  
s ta b iliz in g  the  o rien ta tio n  o f (00.1) face. For example the  (00.1) face is  
unicharged; so a ne t of negatively  charged s te a ra te  headgroups can 
p re fe re n tia lly  s ta b i l iz e  th is  face. (A s im ila r argument can account fo r th is  
e ffec t on octadecylam ine monolayer, see chapter IV).




FIG. 3 . 3 8 :  (A) SCHEMATIC DIAGRAM SHOWING THE STEREOCHEMICAL CORRELATION AND THE 
STRUCTURAL MISMATCH THAT PREVAILED BETWEEN THE CARBOXYL HEADGROUP 
AND THE (OO .l)  FACE OF VATERITE.
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FIG. 3 .3 8 : (B) (0 0 .1 ) FACE OF VATERITE.
(APPOSED TO THE XONOLAYEK SURFACE)
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3.4.4 EFFECT QF PACE I IfG J3ESSI1Y _QF THE JlQgQL AYER:
Changes in  the packing density  by increasing  the  surface 
area/m olecule of th e  monolayer d id  not change the  s tru c tu re  or o rien ta tio n  
of th e  v a te r i te  formed. However the  reduction in  nucleation den sity  (Table 
3.5) shows th a t  the  r ig id i ty  of the  monolayer increases th e  charge density  
on th e  su rface  and thus accumulated the  nuclei formed, in  g re a te r  number, 
and th i s  has led to  s l ig h t ly  le s s  homogeneously formed early  c ry s ta ls ,  when 
compared to  h ighly  homogeneous early  c ry s ta ls  formed under th e  liqu id  
phase. The f le x ib i l i ty  in  th e  liqu id  phase monolayer, led to  th e  m obility  
of the  ions w ith  an increase  in  th e  encounter time and thus reduced th e  
growth r a te  and organised th e  c ry s ta l  nucleus under the  monolayer in  a 
p re fe rred  o rien ta tio n  and thus increased the  homogenity. However th e re  are 
no d iffe ren ces  in  th e  s ize s  of f in a l  c ry s ta ls  formed a t  t=21 hours. This 
im plies th a t  film s of increased dynamic freedom up to  an optimum level, 
might have aided uniform nucleation a f te r  which i t  continued to  grow by 
d iffu sio n  con tro lled  process.
The presence of d isc re te  nucleation s i te s ,  o rien ted  growth 
and homogeneous s ize  d is tr ib u tio n  in d ica tes  a cooperative e ffe c t caused by 
e le c tro s ta t ic  and stereochem ical in te ra c tio n s  under the  s te a ra te  monolayers. 
The c ry s ta ls  grow a t  s im ila r ra te s  and growth i s  lim ited  by the  reduction 
in  su p ersa tu ra tio n  lev e ls  w ithin 21 hours. Although th e  surface  of the  
c ry s ta ls  a re  in  con tac t with the  monolayer in  the  early  s tag es  of c ry s ta l  
growth the  la te r  outgrowths a re  in to  so lu tion .
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V ariable ex ten t of su rface  roughening on the  mature 
c ry s ta ls  in d ic a te s  a d iffu sio n  co n tro lled  growth in to  the  so lu tion . Although 
the in i t i a l  c ry s ta ls  a re  s in g le  domain d isk s, the  d en d ritic  outgrowths are 
m isaligned in d ica tin g  a p o ly c ry s ta llin e  nature  fo r  th e  matured f lo re ts .
The form ation of c ry s ta ls  under uncompressed film s was slow, 
and a m ixture o f v a te r i te , o rien ta ted  and non-orien tated  c a lc i te  was 
id en tif ie d . The form ation of some orien ted  v a te r ite  c ry s ta ls  under 
uncompressed film s suggests th a t  th e re  i s  localised  o rgan isa tion  of the  
s te a r ic  acid  molecules even a t  low surface  p ressure . Furthermore, th i s  
e ffe c t may be enhanced by calcium binding. S im ilar observations have been 
reported  in  th e  c ry s ta l l iz a t io n  s tu d ie s  of glycine under c h ira lly  resolved 
palm itoyl ly s in e  monolayers, and had been shown th a t  both compressed and 
uncompressed film s form o rien ted  nucleation [95]. Surface d if f ra c tio n  
s tu d ies  of th e  monolayer su rfaces  [184,185] showed th a t  th e  film  con tains 
p o ly c ry s ta llin e  surface of microdomain s ize  and suggested th a t  some degree 
of localized  domain form ation a lso  occurs in  the  gaseous phase. Probably 
because of th i s  reason in  the  uncompressed monolayer su rfaces , th e  local 
is lan d s  of ordered monolayer and the  non-ordered molecules give orien ted  
and non-orien ted  c ry s ta ls  re sp ec tiv e ly .
3.4.5 EFFECT OF—SUPERSATPRATIQIff.CHAHGES:
C i) Low s u p e r s a t u r a t i o n  l e v e l s :
At [Ca] = 2.3 mM, main c ry s ta ls  formed were v a te r ite , but 
the nucleation d e n s it ie s  were h ighly  reduced. C ry s ta ls  were not id e n tif ie d  
under o p tic a l microscope a t  t  = 21 hours and i t  was not p o ssib le  to
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observe th e  c ry s ta ls  c le a r ly  a t  t  = 44 hours. At tCa] = 1.2 mM, very few 
normal and truncated  rhombohedral c a lc ite  c ry s ta ls  were formed. Oriented 
v a te r i te  and c a lc i te  c ry s ta l  were ra re ly  noticed. This im plies th a t  the 
nucleation  and growth were reduced a t  th is  low su p ersa tu ra tio n  level which 
i s  c lo se  to  v a te r i te  s o lu b ility  lim it. The influence of the  monolayer 
appears to  be minimcJ a t  these  low lev e ls . This shows th a t  the  ;
e le c tro s ta t ic  a t tra c t io n  between th e  monolayer and the  c ry s ta l  nuclei 
formed i s  reduced or absen t a t  th i s  very low concentration .
The m arginally  d if fe re n t proportion  of v a te r i te  c ry s ta ls  
formed in  trough experim ents compared to  d ish  c ry s ta ls  can be explained a s  
follow s. A non-equilibrium  condition  of th e  so lu tion  i s  e s tab lish ed  and 
the  C032_/Ca2^ r a t io  in c reases  fu r th e r  due to  th e  charged monolayer. This 
i s  fu r th e r  enhanced in  th e  trough experim ents because th e  amount of C02 
lo s t  per u n it tim e is  g re a te r  due to  the  surface  area coverage of the  
monolayer.
<ii> High, supersaturation levels:
At su p ersa tu ra tio n  lev e ls  of tCa] = 9 mM th e  change from 
v a te r i te  f lo r e ts  to  c a lc i te  p la te s  i s  dram atic. At f i r s t  th is  seems to  
co n trad ic t Ostwald's law of s tag e s  [190]. Ostwald's law s ta te s  th a t  the  
le a s t  s ta b le  polymorph having th e  h ig h est so lu b ili ty  value is  formed 
p re fe re n tia lly  under k in e tic  cond itions of p re c ip ita tio n . Hence, when 
su p ersa tu ra tion  was increased v a te r i te  should be formed ra th e r  than c a lc ite .
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A schem atic diagram based on sim p lified  version  of th e  nucleation equation 
J n = Ae<~*<a/'kT>, i s  given in  Figure 3.39, where,
(  Jim = Rate o f nucleation
AG* = The energy of ac tiv a tio n  required fo r a phase 
fo rm ation /transfo rm ation ,
'A* i s  P re-exponentia l fa c to r , 'T' the  tem perature and 'k ' the  constan t 
introduced.)
Fig. 3.39 re p re sen ts  th e  obedience of Ostwald's law. This p re d ic ts  th a t  a t  
[Ca] = 4.5 mM only c a lc ite  should be formed as ind icated  by A in  Figure 
3.39. At 9 mM concen tra tion  k in e tic a lly  favoured v a te r i te  represen ted  by C 
in  the  fig u re  should be p re c ip ita ted . At in term ediate su p ersa tu ra tio n s  
represen ted  by B i t  should give a mixture of c a lc ite  and v a te r ite . However 
th i s  law does not n ecessa rily  apply a t  a l l  supersa tu ra tion  lev e ls  in  th e  
same system or between d if fe re n t system s. A modified behaviour shown in  
Figure 3.40 i s  more app ro p ria te  to  explain the  p resen t system . The 
d ifference  in  th e  fig u res  re la te s  to  changes in  pre-exponential fa c to r  'A' 
and AG*. S im ilar observations have been recen tly  reported  by Cardew and 
Davey fo r sodium th io su lpha te  d ihydrate  system [191].
At su p ersa tu ra tio n  lev e ls  of [Ca3 < 4.5 mM, a m ixture of 
c a lc ite  and v a te r i te  of v a riab le  proportion  is  formed as represen ted  by A'. 
At [Ca] = 4.5 mM v a te r i te  i s  exclusively  farmed as shown by po in t B \ 
whereas a t  9 mM of [Ca] completely c a lc ite  i s  formed as shown by p o in t D\ 






















S u p e r s a t u r a t i o n  ( A rb i t r a ry  S ca le )
FIG- 3.39: GRAPHICAL REPRESENTATION OF SUPERSATURATION 
EFFECT ON THE RATE OF NUCLEATION OF DIFFERENT 

























Supersaturation ( in arbitrary scale)
3.40: MODIFIED GRAPH SHOWING THE EFFECT OF SUPERSATURATION 
ON POLYMORPHIC NUCLEATION REPRESENTING THE PRESENT 
SYSTEM.
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The rap id  r is e  in  J™ fo r x,a’te r i ‘fce around CCa] = 4.5 mM re f le c ts  the  e ffe c ts  
of e le c tro s ta t ic  charge accumulation a t  the  monolayer surface. The increase  
in  nucleation  ra te  of c a lc ite  a f te r  po in t C’ is  due to  the  lowering of the  
ac tiv a tio n  energy of th e  c a lc ite  phase farmed. This lowering of a c tiv a tio n  
energy i s  e ffec ted  by th e  charged monolayer v ia  calcium binding and 
s tru c tu ra l  and stereochem ical c o rre la tio n s  as d iscussed  below.
The c ry s ta llo g rap h ic  o rien ta tio n  of c a lc ite  type I and type 
II c ry s ta ls  w ith the  rhombohedral <10.4> and p rism atic  <1 ^1.0) faces 
p a ra lle l  to  the  su rface  of th e  s te a ra te  film , have been determined by 
m orphological an a ly s is .
Type II c ry s ta ls  rep resen t the  nucleation o rie n ta tio n  of 
type I c ry s ta ls ,  formed by realignm ent during growth s tag es . Fig. 3.31.B 
show type II c ry s ta ls ,  where the  secondary growth perpendicular to  the  a. 
ax is  has been developed a t  the  monolayer. The development of th i s  
secondary growth f i l l s  in  the  o ther s ide  of the c ry s ta l ,  and e s ta b lish e s  
the two ad d itio n a l <10.4) faces and th e  p la te  lik e  morphology <Fig.3.41). 
The growth development of th i s  s id e  of the type II c ry s ta ls  forms the  
wedged <10.4> s id e  faces. The form ation of elongated s t r a i t s  perpendicular 
to  a. ax is  and the  in -b u i l t  s tru c tu ra l  i r r e g u la r i t ie s  seen in  the  mature type 
I c ry s ta ls  are th e  consequences of the  secondary growth in  type II 
c ry s ta ls .  The nature of the  e levated  fea tu res  on the  upper su rfaces  of type 
I and type II c ry s ta ls  were id e n tic a l and the apex of the  elevated faces 
probably rep re sen ts  the  i n i t i a l  po in t of con tac t with the monolayer surface.
FIG. 3.41: SEMS SHOWING THE STAGES OF DEVELOPMENT FOR 
TYPE II CALCITE CRYSTALS GROWING INTO TYPE I (Scale bar = 10 
\Lm)
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From th is ,  i t  i s  c le a r  th a t  both type I and type II c ry s ta ls  nucleated along 
the same c ry s ta llo g rap h ic  d irec tio n .
The nucleation  of both type I and type II c ry s ta ls  on the  
{1-1,0} face r e f le c ts  sp e c if ic  in te ra c tio n s  a t  the  s te a ra te  head groups. The 
orien ted  c ry s ta ls  a ligned  a t  <1 1.01 face, then forms smooth 110.4> faces 
aligned a t  45° to  th e  m onolayer/solution in te rface . This i s  c lea rly  seen in  
the o rien ta tio n  and th e  su rface  tex tu re  of th e  c en tra l elevated s tru c tu re  of
type I and type II c ry s ta ls .  However, the o rien ta tio n  of in c lined  faces and
the rid g es  in  between th e  faces show th a t  these faces a re  of negative
rhombohedral form <01.4> ra th e r  than  the  <10.4} faces of p o s itiv e
rhombohedra. F urther alignm ent of these  faces to  bring them in to  con tac t 
with the monolayer might be due to  surface tension/hydrodynam ic fo rces 
effected  on the  developed c ry s ta l  su rfaces. Also, there  i s  no ticeab le  
d ifference in  th e  tex tu re  between the  c en tra l e levation  and th e  upper 
surface of the  type I base p la te s , which agrees well w ith a realignm ent of 
the c ry s ta l  such th a t  one D f the  (10.4) faces becomes p h y sica lly  in  con tac t 
w ith the film  surface.
The change from v a te r i te  to  c a lc ite  nucleation on s te a ra te  
film  a t  h igher [Ca3 suggests th a t  the  ex tent of calcium binding i s  
im portant fo r o rien ted  c a lc ite  nucleation. A well defined Ca-bound layer 
appears to  be requ ired  to  mimic the  f i r s t  layer of the (1 1.0) face of 
c a lc ite , but i t  i s  no t a p re req u is ite  fo r the  form ation of v a te r ite .
Compressed acid  monolayers on supersatu rated  bicarbonate 
so lu tions a t  th e  experim ental pH and tem perature showed changes in  the
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su rface  p ressu re -a rea  isotherm s in d ica tin g  p a r t ia l  calcium binding p rio r  to  
nucleation . The ion binding may aid  nucleation of th i s  face by re s tr ic t in g  
the  arrangem ent of Ca atoms in  two dimensions. If  i t  i s  assumed th a t  the 
carboxyl head groups adopt a hexagonal o r psuedohexagonal la t t ic e  of 
in te r  head group spacing * 5 A, when compressed on aqueous subphases, then 
th e re  i s  a c lose  e p ita x ia l match between th e  Ca-Ca d is tan ces  and the  
coplanar atoms in  the  (l'-l.O ) face (4.96 and 8.6 A in  two dimensions) and 
the p e rio d ic ity  of binding s i te s  * 5A (Fig 3.42). As previously  described, 
(Fig 3.38) no such match can be id e n tif ie d  fo r  the  (00.1) face of v a te r i te  
apposed to  a s te a ra te  monolayer.
Geometric matching cannot be fu lly  resp o n sib le  fo r  (1 1.0) 
o rien ted  c a lc ite  nucleation. For example, the  (00.1) face of c a lc ite  
com prises a hexagonal la t t ic e  of coplanar Ca atoms of 4.96 A p e rio d ic ity  
and such an arrangem ent a lso  matches the  p e rio d ic ity  of th e  monolayer 
binding s i te s .  A s ig n if ic a n t d ifferen ce  between th e  (1 1.0) and (00.1) 
faces i s  the  o rie n ta tio n  of the  carbonate anions; they l ie  perpendicular to  
the (1 -1.0) (Figs. 3.42, 3.43) su rface  but p a ra lle l to  (00.1) face. Thus the  
stereochem istry  of the  carboxylate  head groups mimics th a t  of the  anions in 
the (1 1.0) c ry s ta l  face but not (00.1) face of c a lc ite . Addadi and Veiner 
C813 have proposed a s im ila r  mode of in te ra c tio n  in  the  c ry s ta l  growth of 
calcium d icarboxy late  s a l t s  in  th e  presence of ac id ic  macromolecules. Thus, 
the p o s s ib il i ty  of geometric and stereochem ical matching created  w ithin  the  
calcium s te a ra te  lay er can account fo r th e  p re fe re n tia l form ation and 
s ta b iliz a tio n  of th e  c a lc ite  (1-1.0) face during nucleation.
(1-1 . 0)  F A C E  C A L C I T E
 A-96 A ----- ►
FIG. 3.42: A TWO DIMENSIONAL DIAGRAM SHOWING THE STEREOCHEMICAL
CORRESPONDENCE AND STRUCTURAL CORRESPONDENCE THAT EXISTS BETWEEN 





FIG. 3 .43 : (00 .1 ) FACE OF CALCITE THAT SHOWS NO STEREOCHEMICAL





Changing the  packing density  from so lid  to  liqu id  phase 
monolayer, d id  no t change the  o rien ta tio n  and s tru c tu re  of the  c a lc ite  
c ry s ta ls  formed in d ica tin g  s im ila r  binding e ffe c ts  are  p resen t in  the  
liq u id  phase monolayer. However th e  nucleation density  was reduced w ith 
s l ig h t ly  increased  p roportion  of nan-orien ted  c a lc ite  c ry s ta ls .  This shows 
the o rie n ta tio n  of th e  C00“ group i s  not changed in  the  llquicL phase 
monolayer and th e  packing in  m icro-patches i s  availab le  fo r  local o rien ted  
n u c lea tio n .
3.4.6 SUMMARY: The p re fe rred  o rien ta tio n  of v a te r i te  and c a lc ite  under
s te a ra te  monolayers may involve th e  in te rp lay  of severa l fa c to rs . In the  
case of v a te r i te  formed a t  [Cal = 4.5 mM, the  (00.1) face of the  o rien ted  
c ry s ta ls  observed i s  unicharged and could be k in e tic a lly  favoured by 
e le c tro s ta t ic  accumulation of calcium ions. Mo s tru c tu ra l  re la tio n sh ip  
between th e  monolayer and c ry s ta l  i s  c lea rly  apparent but th e re  i s  a 
stereochem ical correspondence of carbonates and carboxylates which is  
observed a t  CCal = 9 mM fo r th e  <1 1.0) face of c a lc ite . Hence, the  
s tereochem istry  o f carboxy lates i s  im portant in d ic ta tin g  both th e  (00.1) 
and (1-1.0) o r ie n ta tio n s  of v a te r i te  and c a lc ite  c ry s ta ls  re sp ec tiv e ly .
Furthermore, th e  o rien ted  (1 '1.0) face of c a lc ite  i s  a lso  
favoured by o th e r fa c to rs . Calcium binding to  th e  carboxylate  c re a te s  a 
charged su rface  and the  geom etrical matching of Ca-Ca d is tan ces  in  two 
dimensions in (1 T.0) face o f c a lc i te  with carboxylate head groups favour 
the nucleation of c a lc i te  on the  (1 1.0) face.
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To e lucidate  th ese  p o s s ib i l i t ie s ,  s tu d ie s  of calcium carbonate 
c ry s ta ll iz a tio n  under p o s itiv e  and n eu tra l monolayers were undertaken and 
these  are reported  in  chap ter IV and V.
C H A P T E R  XV
C R Y S T A L L  X  23 A. T  I CD XT XTXXJDIEIR A M  I 3STE:
M O N O L A Y E R S
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4 . 1  I N T R O D UCT I O N :
The in te r e s t in g  and im portan t o b se rv a tio n s  in  th e  
c r y s t a l l i z a t i o n  o f calc ium  carb o n ate  under s te a r a te  m onolayers have 
p rov ided  some in s ig h t  in to  th e  f a c to r s  th a t  c o n tro l n u c le a tio n  and 
growth a t  o rg an ised  o rgan ic  s u r fa c e s  as  d isc u sse d  in  th e  p rev io u s  
c h a p te r . The prim ary f a c to r  was t h a t  th e  ca rb o x y la te  group i s  involved  
in  d ic ta t in g  c o n tro l le d  c r y s t a l l i z a t i o n  in  term s o f s t r u c tu r e ,  
morphology and o r ie n ta t io n ,  th rough  v a rio u s  physico-chem ical and 
ste reo ch em ica l in te r a c t io n s .  The above m entioned c o n tro l  i s  a ls o  
p re se n t in  th e  b io lo g ic a l  p ro ce sses , th rough v a r io u s  mechanisms 
in v o lv in g  a c id ic  o rg an ic  m olecules. Hence, th e  un d ers tan d in g  of 
s p e c i f ic  p ro c e sse s  in  th e se  model system s might le a d  to  same 
c l a r i f i c a t i o n  of c o n tro l le d  b io m in e ra liz a tio n . Thus, i t  would be 
a p p ro p r ia te  to  s tudy  th e  e f f e c t  o f changing th e  ca rb o x y la te  group in  th e  
monomolecular f i lm  w ithout a l t e r in g  th e  hydrophobic a lk y l chain , to  a 
p o s i t iv e ly  charged  amino group. In a d d itio n , any d if f e r e n c e s  noted in  
c r y s ta l  fo rm ation  may to  some e x te n t p in p o in t th e  s p e c i f ic  e f f e c t  o f th e  
ca rb o x y la te  groups in  c r y s ta l  fo rm ation . Furtherm ore, in tro d u c in g  the  
amino group in to  th e  system  a s  m onolayers i s  re le v a n t  a s  i t  i s  a 
commonly encoun tered  group in  many o rg an ic  m a tric e s  a long  w ith  a c id ic  
re s id u e s  a s s o c ia te d  w ith  b io m in e ra liz a tio n .
Monomolecular f ilm s  o f octadecylam ine C H a C C H z ) h a v e  
been s tu d ie d  and some a sp e c ts  of th e se  m onolayers have been re p o rte d
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C193, 1943. I t  I s  I n te r e s t in g  a s  they  a re  bases and th e re fo re  g ive 
c a tio n s  in  th e  p resence  of a c id ic  subphase s o lu tio n s . T heir behaviour 
i s  acco rd in g ly  to  some e x te n t a m irro r image of th e  behaviour of a c id s . 
In  p a r t ic u la r ,  th ey  a re  most s ta b le  on subphases w ith  high pH value  and 
form e a s i ly  d is so lv e d  expanded m onolayers, on h ig h ly  a c id ic  subphases.
As w ith a c id s , th ey  can be s t a b i l i z e d  by a m ultip ly  charged co u n te r 
io n s , fo r  example, su lp h a te , ca rb o n ate  and hydrogen phosphate C193]. At 
room tem peratu re  and n e u tra l  pH, a l l  amines w ith  ch a in  le n g th  lo n g er 
th an  13 carbon atoms g iv e  reaso n ab ly  s ta b le  m onolayers which a re  
norm ally condensed. Vhen th e  tem pera tu re  i s  r a is e d , an expanded f i lm  
form ation  occu rs. For amines su rfa c e  p re ssu re  (n) -  a re a  (A) iso therm  
behaviour changes w ith  pH. At pH <5 th e  amine monolayer expands C194].
Adam 1102] re p o r te d  a pronounced and bew ildering  
dependence o f th e  p ro p e r t ie s  o f io n ized  amine f ilm s  on th e  s p e c i f ic  
chemical n a tu re  o f th e  subphase. In  amine monolayers, th e  condensation  
of th e  monolayer i s  shown in  th e  p resence  of th e  an ions l ik e  SO*3*-  
[193]. I t  i s  obvious th a t  c o u n te r io n  e f f e c t s  on io n iz e d  m onolayers must 
involve many f a c to r s  in c lu d in g  th e  io n iz a tio n  of th e  f ilm s , th e  
s t ru c tu re  of th e  io n ic  double la y e r , th e  p o s s ib i l i ty  o f complexing 
h y d ro ly s is  o r incom plete d is s o c ia t io n  o f th e  c o u n te rio n s  in  s o lu t io n
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(which may, o f co u rse , be a l te r e d  in  th e  re g io n  of th e  in te r f a c e ) ,  th e  
e f f e c t  of io n s  on w ater m ic ro s tru c tu re  [195] and th e  p o s s ib i l i t y  of t ru e  
s p e c i f ic  chem ical b ind ing .
A ttem pts to  e v a lu a te  io n iz a t io n  c o n s ta n ts  of amine
m onolayers a re  incom plete and com plicated  by th e  f a c t  th a t  th e  pH in  th e
bulk  s o lu t io n  does no t a c c u ra te ly  r e f l e c t  th e  c o n d itio n s  a t  th e  
in te r f a c e .  B e t ts  and P e th ica  [182] e s tim a te d  th e  io n iz a t io n  c o n s ta n ts  
of n-nonadecylam ine monolayers and o b ta ined  pKa v a lu es  of ca. 10.1.
S ince th e  value  fo r  amines in  aqueous s o lu t io n  i s  ca. 10 .6 , th ey  
concluded th a t  in  th e  amine la y e r , th e  io n iz a t io n  c o n s ta n ts  s h i f te d  
tow ards n e u t r a l i ty ,  bu t only by a sm all v a lu e  of 0 .5 . On a c id ic  
s u b s t r a te s  <0.01 M HaSO*), th e  amines form RNHa"' io n s , r e s u l t in g  in  
e l e c t r o s t a t i c  re p u ls io n s  between th e  io n iz e d  m olecules g iv in g  very 
expanded monomolecular f ilm s  [124]. However, s tro n g  evidence was 
p re sen te d  fo r  a s s o c ia t io n  in  th e  m onolayers of amines and amine oxides 
a t  a low pH where th e  monolayer i s  la rg e ly  in  th e  p ro to n a ted  form. This
gave l e s s  expanded f ilm s  over much o f th e  a re a  range [8 2 ].
Under un ion ized  o r p a r t i a l l y  io n iz e d  c o n d itio n s  o r in  th e  
p resence of d iv a le n t  an ions, th ey  form condensed m onolayers w ith  a 
l im it in g  a re a  s im ila r  to  a c id  and a lco h o l m onolayers ( *20A >, whereas 
in  th e  p resence of monovalent an ions and a t  pH <3 th ey  form expanded 
m onolayers w ith  an a rea  around 30 A2 .
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C ry s ta l growth s tu d ie s  of sodium c h lo r id e  under amine 
m onolayers have re c e n t ly  been re p o rte d  [9 4 ]. The l im it in g  m olecular 
a rea  in  a 6 M NaCl s o lu t io n , su g g es ts  th a t  th e  c h lo rid e  io n s  p e n e tra te  
between o c tad ecy l ammonium m olecules g iv in g  expanded monomolecular f ilm s  
com prising a l t e r n a t e  p o s i t iv e  and n e g a tiv e ly  charged io n ic  la y e r  on th e  
su rfa c e . T his c o r r e la te s  w ith  th e  s im ila r  arrangem ent in  HaCl which has 
evenly  d i s t r ib u te d  p o s i t iv e  and n eg a tiv e  charge on th e  <100> face  of 
sodium c h lo r id e  grown under th e  monolayer.
T his c h a p te r  i s  aimed a t  s tu d y in g  th e  c r y s t a l l i z a t i o n  of 
CaCOa under NHs-* headgroups in  o rd e r to  a ss e s s  th e  in flu en c e  o f charge 
e f f e c t s  a t  th e  monolayer s u rfa c e . Furtherm ore, u n lik e  c a rb o x y la te  
headgroups th e  ammonium headgroups do no t have any d i r e c t  s te reo ch em ica l 
c o r r e la t io n  w ith  CaCOa c r y s ta l s .  So, s tu dy ing  t h i s  system  w il l  a id  
e lu c id a t io n  o f th e  in te rp la y  o f geom etric , charge and s te reo ch em ica l 
f a c to r s  invo lved  in  th e  c o n tro l le d  c r y s t a l l i z a t i o n  of CaCOa
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4 . 2  E XP ERI MENTAL:
4 . 2 . 1  PURITY OF THE SUBS.TAITCE: O ctadecylam ine e x i s t s  in  th e  
s o l id  form a t  o rd in a ry  tem pera tu re  and i s  f r e e ly  s o lu b le  in  chloroform . 
O ctadecylam ine o b ta in ed  from L an caste r S y n th es is  L td was r e c r y s t a l l i z e d  
from CHCI3 and th e  p u r i ty  o f th e  m a te ria l determ ined by m icroelem ental 
and IR s p e c tr a l  a n a ly s is .
4 . 2 . 2  PRESSURE-AREA ISOTHERMS: The su rfa ce  p re s su re -a re a  curves 
o f amine m onolayers on pure w ater and b ica rb o n a te  s o lu tio n  subphases 
were reco rd ed  u sin g  Langmuir m in i-tro u g h  s im ila r  to  a c id  monolayers.
(See s e c t io n s  2 .5  and 3 .2  fo r  experim en tal d e t a i l s  on monomolecular f ilm  
p r e p a ra t io n .) P re p a ra tio n  o f su p e rsa tu ra te d  b ic a rb o n a te  s o lu t io n  was as 
d e sc rib ed  in  s e c t io n  2 .6 . The pH and th e  tem p era tu re  o f pure w ater and 
th e  b ic a rb o n a te  s o lu t io n  were recorded  b e fo re  runn ing  each iso therm . A 
d i lu te  s o lu t io n  o f amine <1 mg cn r3 ) in  ch loroform  was p rep ared  and
60 p i o f th e  s o lu t io n  was sp read  to  form th e  f ilm . One main d i f f i c u l ty  
encountered  in  th e se  f i lm  fo rm atio n s  was t h a t  even a sm all 
in te r a c t io n /v ib r a t io n  caused th e  f i lm  to  be d e s ta b i l iz e d .  Hence, care  
was taken  to  run  th e  b a r r ie r  a t  speed le v e l l e s s  th a n  one and th e  
e x te rn a l v ib ra t io n a l  d is tu rb a n c e s  were reduced a s  much a s  p o ss ib le . The 
pH of w ater and b ica rb o n a te  s o lu t io n  subphases were 6 .5  and 6 .1  
re s p e c tiv e ly . The tem peratau re  o f th e  s o lu t io n  was kep t a t  290 ± 1 K, 
M aintain ing  th e  tem peratu re  was c ru c ia l  fo r  p lo t t in g  n-A cu rves fo r  
amines, a s  h ig h e r tem pera tu re  in  th e  range 295 ± 1 K caused much more
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expansion in  th e  film . H y s te re s is  was a ls o  checked fo r  amine f ilm s  on 
pure w ater.
4.2.3 CRYSTAL GROWTH EXPERIMENTS PHDEP. AHI3TE MONOLAYERS:
C ry s ta l l iz a t io n  s tu d ie s  were done under compressed monomolecular f ilm s  
on b ica rb o n a te  s o lu t io n  subphases a t  d i f f e r e n t  com pression le v e ls  to  
g iv e  f u l l y  and p a r t i a l l y  com pressed f ilm s . Calcium carbonate  
c r y s t a l l i z a t i o n  occurred  under th e  monolayer by th e  slow  lo s s  of carbon 
d io x id e  from th e  s u p e rsa tu ra te d  b ica rb o n a te  s o lu t io n  having a  t o t a l  
[Cal = 9 . 0  mM. Immature c r y s t a l s  were c o l le c te d  a t  t  = 45 m inutes and 
mature c r y s ta l s  a t  t  = 21 hours fo r  an a ly ses . E arly  c r y s t a l s  were 
s tu d ie d  under scanning e le c tro n  m icroscopy fo r  th e  o r ie n ta t io n  of th e  
c r y s ta ls .  Mature c r y s ta l s  were s tu d ie d  by o p t ic a l  and scanning  e le c tro n  
m icroscopy. Bulk sam ples o f th e  mature c r y s ta l s  were c o lle c te d  fo r  
q u a n t i ta t iv e  and q u a l i t a t iv e  XRD a n a ly se s , and FT-IR s tu d ie s . In 
determ in ing  th e  polym orphic com position o f th e  c r y s ta l s  th e  measurements 
were made u sing  a c a l ib r a t io n  curve based on th e  i n t e n s i t i e s  o f th e  
<10.4> and {1181 r e f l e c t io n s  of c a l c i t e  and v a t e r i t e  re s p e c tiv e ly .
To study  th e  e f f e c t s  of s u p e rsa tu ra tio n , th e  
c r y s ta l l i z a t io n  experim ents were done in  th o rough ly  c leaned  g la s s  
c r y s ta l l i z in g  d ish es . B icarbonate  s o lu t io n  o f t o t a l  [Ca] = 9 .0  mM was 
p repared  and d i lu te d  to  [Cal = 4 .5 ,  2 .3  and 1 .2  mM. F u lly  compressed 
amine f ilm s  were formed on th e  s u rfa c e s  of th e se  s o lu t io n s . This 
enabled  to  s tudy  th e  in f lu e n c e  of s u p e rs a tu ra t io n  and th e  changes 
e f fe c te d  in  c r y s ta l s  grown under id e n t ic a l  experim ental environm ents.
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For com parison, th e  c r y s ta l s  were a lso  grown in  th e  absence of 
m onolayers a t  th e se  c o n c e n tra tio n s . C ry s ta ls  grown a f t e r  t  = 21 hours 
were c o l le c te d  and analysed  fo r  th e  s t r u c tu r e ,  morphology, o r ie n ta t io n ,  
n u c le a tio n  d e n s ity  and s iz e  d i s t r ib u t io n .  The c r y s t a l s  in  th e  g la s s  
d ish  experim ents a t  9 mX calcium  c o n c e n tra tio n  were compared w ith  trough  
c r y s ta l s  grown a t  th e  same c o n c e n tra tio n .
The in flu en c e  o f packing d e n s ity  and o r ie n ta t io n  of th e  
amine m olecules on c r y s t a l l i z a t i o n  was s tu d ie d  by changing th e  
com pression of th e  f ilm s  from f u l ly  compressed s o l id  phase to  p a r t i a l l y  
compressed l iq u id  phase le v e l by sp read in g  f i lm s  w ith  th e  su rfa ce  
p re s su re s  of around 40 mX m-1 and around 15 mff m"1 re s p e c tiv e ly .
The c r y s ta l s  grown under amine monolayer a t  [Ca] = 9 .0  mlf 
were l e f t  u n d is tu rb ed  in  s o lu t io n  f o r  15 days p r io r  to  a n a ly s is .
The consequences of any phase tra n s fo rm a tio n s  were th e re fo re  s tu d ie d .
The n u c lea tio n  d e n s i t i e s  were determ ined  a s  an average of 
s e v e ra l experim en tal r e s u l t s  <for both  g la s s  d is h  and trough  
experim ents) and th e  number o f c r y s ta l s  counted was more th an  2000. 
C ry s ta ls  grown under m onolayers were s e le c te d  a t  random and th e  s iz e s  
were measured from o p tic a l  and SEH m icrographs. The hexagonal c ro s s  
s e c tio n s  o f th e  v a te r i t e  f l o r e t s  grown under th e  monolayer were measured 
fo r  more th a n  250 c r y s ta ls .  Far th e  second m orphological form of 
v a t e r i t e  (type I I ) ,  over 150 c r y s t a l s  were measured a long  th e  c ry s ta l  
len g th  viewed from above th e  m onolayer. D e ta ile d  experim en tal a n a ly s is
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of th e  c r y s t a l s  formed, sample c o l le c t io n ,  s iz e  d i s t r ib u t io n  
measurements and th e  d e n s ity  c a lc u la t io n s  a re  g iven  in  s e c tio n  3 .2 .
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4 .3  RK>UJLTSi
The p u r i ty  o f th e  octadecylam ine >99% was e s ta b lis h e d  by 
th e  m icroelem ental a n a ly s is .  The % com positions o f th e  elem ents were 
g iven .
C a lcu la te d  fo r  Cie H3«,N: C = 80.30; H = 14.50 and 0 = 5 .20 .
Experim ental va lue  : C = 79.92; H = 14.86 and 0 = 5 .22 .
The F I-IE  a n a ly s is  of th e  amine sample <Fig. 4 .1 )  showed 
th e  fa llo w in g  c h a r a c te r i s t i c  a b so rp tio n  peaks co rrespond ing  to  amine 
group. The N-H s t r e tc h in g  v ib ra t io n s  o f th e  amine group was observed  a t  
3330 cm- 1 . The peaks a t  816 and 1569 cm-1 were due to  th e  p resence  of 
th e  o u t-o f  p lan e  bending o f th e  -EHs* group and in -p la n e  bending o f 1T-H
s tr e tc h in g  re s p e c tiv e ly . O ther peaks co rrespond ing  to  hydrocarbon ch a in
in c lu d in g  m ethyl and m ethylene groups were d e sc rib ed  in  s e c tio n  3 .3 .
The su rfa c e  p re s su re -a re a  cu rves o f amine monolayer on 
pure w ater gave an a re a  of 20 A2 a t  a su rfa c e  p re ssu re  of 40 mE n r 1 
<Fig. 4.2A ). The curve ob ta ined  was smooth and co n ta in ed  th re e  re g io n s  
s im ila r  to  a c id  monolayers. The amine m onolayers e x is te d  in  th e  gas 
phase up to  40 A2 and th e  p re ssu re  was le s s  th an  1 mlf n r 1. When th e  
su rfa ce  a rea  was reduced from 40 A2 * th e  l iq u id  phase fo rm ation  s t a r t e d  
and th e  su rfa c e  p re ssu re  in c reased  s te a d i ly  up to  a p re s su re  of 
20 mN mr1, w ith  an a re a  of 30 A2/m olecule. Above 20 mlT n r 1, th e re  was a 

















FIG. 4.1: INFRARED SPECTRUM OF OCTADECYLAMINE
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FIG. 4 .2 :  SURFACE PRESSURE-AREA CURVES OF OCTADECYLAMINE MONOLAYER ON (A) PURE 
WATER AND (B) CALCIUM BICARBONATE SOLUTION SUBPHASE.
180
1 8 1
c o n s ta n t a t  t h i s  re g io n  and gave a l im it in g  value  o f 20 A2/m olecu le.
When th e  pH was lowered o r th e  tem pera tu re  was in c re a se d , an expanded 
f i lm  fo rm atio n  w ith  an in c re ase d  a re a  was observed. The f i lm  form ation  
on CaCHCOa)^ s o lu t io n  w ith  a CCal = 9mJC gave a s im ila r  p re s su re -a re a  
p lo t  (F ig . 4 .2B ). However, a s l i g h t  condensa tion  was observed in  th e  
l iq u id  phase, but th e  a rea  p e r m olecule rem ained e s s e n t i a l ly  th e  same 
g iv in g  a l im i t in g  value o f 19.6 A. When th e  p a r t i a l  p re ssu re  of COss in  
th e  b ica rb o n a te  s o lu t io n  was in c reased , th e  f i lm  s t a b i l i t y  and coherence 
was l a s t  and a con tinuous Iso therm  could  n o t be o b ta in ed . For example, 
when COa g as was bubbled th rough  th e  CaCOa suspension  in  w ater fo r  fo u r 
hours and 24 hours and th e  b ica rb o n a te  s o lu tio n s  used a s  subphases, f i lm  
coherence was lo s t .  S l ig h t  h y s te r e s is  in  amine f i lm s  was a lso  n o tic e d .
The amine m olecules were assumed to  have a hexagonal c lo se  
packed s t r u c tu r e ,  in  t h e i r  h ig h e s t p re ssu re  phase and on th a t  b a s is ,  th e  
in te r-h ead g ro u p  spacing  was c a lc u la te d  a s  ca.. 5 A. The pK» value  fo r  
amine i s  10 .6 . Hence, i t  i s  p o s s ib le  th a t  a t  th e  working pH of 6, th e  
m a jo rity  o f amine m olecules would be in  th e  io n iz e d  farm. However, i t  
i s  d i f f i c u l t  to  e s tim a te  th e  ex ac t percen tage  of io n iz a t io n  from th e  
p re s su re -a re a  cu rves a s  i t  occurs over a range o f pH.
C ry s ta ls  formed under amine monolayer a t  [Ca] = 9 .0  mM 
were c o l le c te d  on g la s s  s l id e s  bo th  from th e  tro u g h  and from 
c r y s t a l l i z in g  d ish es . They were analy sed  fo r  polym orphic com position. 
XRD powder p a t te rn s  w ith  s tro n g  l in e s  showed th a t  th e  polymorph farmed 
was th e  m e tastab le  phase v a t e r i t e  (Table 4 .1 ) .  No l in e s  fo r  c a l c i t e  or
1 8 2
Table 4 .1 : XRB data  of the  mature c ry s ta ls  grown under amine




















































a ra g o n ite  were p re se n t. However, some c a lc i t e  c r y s ta l s  were observed by 
o p t ic a l  m icroscopy. XED q u a n t i ta t iv e  a n a ly s is  was done using  th e  
c a l ib r a t io n  curve w ith  known com positions of c a l c i t e  and v a t e r i t e .  I t
showed th a t  95% by w eight o f th e  c r y s ta l s  formed were v a te r i t e ,  w ith in
an experim en tal e r r o r  of 5%. The rem aining w eight % was c a l c i t e .  (Table 
4 .2 ) .  The c a l c i t e  c r y s ta l s  a s  observed under o p tic a l  m icroscope were 
sm all, n o n -o rien te d , smooth and rhombohedral in  morphology w ith  a wide 
s iz e  d i s t r ib u t io n .
FT-IR s p e c tra  o f th e  p roduct v a te r i t e  (F ig. 4 .3 )  showed 
fo u r d i s t i n c t  ab so rp tio n  bands a t  713 & 749 cm-1 due to  doubly 
d egenera te  p la n a r  bending, 850 & 874 cm-1 due to  o u t-o f -p la n e  bending, 
1089 cm-1 due to  sym m etric s t r e tc h in g  and 1457 c u r1 due to  doubly 
d egenera te  an ti-sy m m etric  s t r e tc h in g . V a te r ite  has a c h a r a c te r i s t i c  
a b so rp tio n  band a t  1089 cm” 1 which i s  t o t a l l y  ab sen t f o r  c a l c i t e .
C ry s ta ls  grown in  g la s s  c r y s ta l l i z in g  d ish es  were
observed in  s i t u  a t  v a rio u s  tim e in te r v a ls  s t a r t i n g  from t  = 2 hours to  
21 hours. F ig u re  4 .4 .A shows th e  in  s i t u  c r y s ta l s  grown f a r  2 hours. 
Although th e  images a re  not o f h igh  q u a l i ty  due to  su rfa c e  v ib ra t io n s , 
they  c le a r ly  show two d i f f e r e n t  ty p e s  o f d e n d r i t ic  m orphologies 
r e s u l t in g  from d is c r e te  o r ie n te d  n u c le a tia n . F ig u res  4 .4 .B  and 4 .4 .C  
show th e  c r y s t a l s  c o lle c te d  on g la s s  s l id e s  from g la s s  d ish  and trough 
re s p e c tiv e ly . Type I c r y s ta l s  were v a te r i t e  f l o r e t s ,  e x h ib it in g  
hexagonal symmetry and were s im ila r  to  th e  v a te r i t e  f l o r e t s  o b ta in ed
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Table 4 .2: XED q u an tita tiv e  an a ly s is  of polymorphic com position of
CaC03 c ry s ta ls
C ry s ta ls  grown CCa] % weight
mM
C alcite V aterite
Control 9-0 68 24
Control 4.5 82 15
Monolayer 9.0 5 95

















FIG. 4 .3 :  INFRARED SPECTRUM OF
VATERITE CRYSTALS GROWN UNDER 
AMINE MONOLAYER (C ry s ta ls  washed 






FIG. 4.4: (A) IN SITU  PICTURE SHOWING THE TWO DIFFERENT 
ORIENTATIONS OF VATERITE CRYSTALS EVIDENT AT THE EARLY 




FIG. 4.4: (B,C) OPTICAL MICROGRAPHS OF MATURE VATERITE 
CRYSTALS COLLECTED AT t = 21 HOURS FORM GLASS DISH (B) 
AND TROUGH EXPERIMENTS (C). (Scale bars = 100 urn)
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under s t e a r a te  m onolayers. Type I I  c r y s ta l s  were " b u t t e r f l y - l i k e ” 
c r y s ta l s  and e x h ib ite d  a two fo ld  v e r t i c a l  a x is  o f symmetry. The 
p ro p o r tio n  o f type  I and ty p e  I I  c r y s ta l s  were s l i g h t l y  v a r ia b le  b u t in  
most o f th e  experim ents they  were in  3 :2  r a t i o  (Table 4 .3> . ’
V a te r ite  c r y s ta l s  when viewed under SEM, showed two 
d i f f e r e n t  o r ie n ta t io n s  r e l a t in g  to  type I and type  I I  v a t e r i t e  c r y s ta l s .  
Type I c r y s ta l s  (Fig. 4 .5 )  were o r ie n te d  in  th e  s im i la r  manner a s  was 
observed in  c r y s ta l s  under a c id  m onolayers. They had a hexagonal 
symmetry, when viewed a s  i f  from above th e  monolayer (F ig . 4 .6 . )^  th e y  
c o n s is te d  o f r a d ia l  outgrow th r e s u l t in g  in  a complex f l o r e t  shaped 
morphology. They had an e le v a te d  c e n tre  in  th e  form  of a d isk  from  
which th e  r a d ia l  outgrow ths developed and r e s u l te d  in  th e  f in a l  
morphology. The o u te r  c r y s ta l  e x ten s io n s  were p a r a l l e l  to  th e  monolayer 
su rfa ce ; however, th e  I n te r io r  o f th e  r a d ia l  outgrow ths were s l i g h t l y  
in c l in e d  to  th e  monolayer su rfa ce  in to  th e  s o lu t io n . The r a d ia l  
outgrow th w ith  hexagonal fa c e s  a lig n e d  p a r a l l a l  to  th e  monolayer 
(F ig. 4.6^>) cou ld  be seen  c le a r ly  and t h i s  in d ic a te d  th a t  th e  
o r ie n ta t io n  of th e  c r y s ta l s  was such th a t  th e  c. a x is  was a lig n e d  
p e rp e n d icu la r  to  th e  monolayer su rfa c e . Furtherm ore i t  in d ic a te d  th a t  
th e  a. axes of th e  c r y s ta l  l i e  in  th e  p lane  of th e  monolayer. The 
o r ie n ta t io n  o f th e se  c r y s ta l s  was c o n s is te n t  and th e  c ry s ta l lo g ra p h ic  a, 
and c. axes were th u s  a lig n e d  p a r a l l e l  and p e rp e n d icu la r  to  th e  monolayer 
su rfa ce  re s p e c tiv e ly .
1 8 9










c a lc ite
II Type I Type II
9.0 Solid ----- ----- ----- 2800 1950 4750
9,0 Liquid ----- ----- ----- 1625 1350 2975
4.5 Solid ----- ----- ----- 2875 2000 4875
4.5 Liquid ----- ----- 275 1375 925 2575
2.3 Solid ----- ----- 300 700 950 1950
1.2 Solid ----- ----- 100 175 200 475
Hucleation d en sity  = Humber of c r y s ta l s /1 cm2
190
FIG. 4.5: SEM MICROGRAPH OF VATERITE TYPE I CRYSTAL 
ORIENTED WITH THE (001) FACE APPOSED TO THE MONOLAYER.
(Scale bar = 10 nm)
FIG. 4.6: SEM MICROGRAPH OF VENTRAL VIEW OF TYPE I 
VATERITE FORM SHOWING THE HEXAGONAL SYMMETRY OF THE 
CRYSTAL. (Scale bar = 10 ^m)
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FIG. 4.6.(B) SEM MICROGRAPH SHOWING THE RADIAL 
OUTGROWTH WITH HEXAGONAL FACES PARALLEL TO THE 
MONOLAYER SURFACE. (Scale bar = 10 \un)
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The c r y s ta l s  were h ig h ly  homogeneous and had narrow  s iz e  
d i s t r ib u t io n .  S ize  measurements o f type I c r y s ta l s  gave a mean s iz e  of 
70 pm w ith  a s ta n d a rd  d e v ia tio n  of 12 pm (Fig. 4 .7 ) .
Type I I  v a t e r i t e  c r y s ta l s  when s tu d ie d  by SEM showed a 
d i f f e r e n t  o r ie n ta t io n  w ith  re s p e c t to  monolayer s u r fa c e . They e x h ib ite d  
psueda Czv symmetry when viewed from above th e  m onolayer <Fig. 4 .8 ) .
The c e n tr a l  d isk  l ik e  fo rm ation  was e lo n g ated  and opened up a t  th e  edges 
and extended a long  fo u r d i f f e r e n t  d i r e c t io n s  and were w ith in  25° 
d e v ia t io n  on bo th  s id e s  o f th e  long a x is  o f th e  d isk , bu t p a r a l l e l  to  
th e  monolayer s u rfa c e . When viewed from above, t h i s  e lo n g a ted  growth 
a long  th e  s u rfa c e  was smooth and no su rfa ce  roughening was n o tic e d  on 
th e  d isk  and on th e  e lo n g a ted  growth. F u rth e r grow th o f th e  c r y s ta l  
r e s u l te d  in  hexagonal outgrow ths in to  s o lu tio n  which were a lig n e d  n e a rly  
p e rp e n d ic u la r  to  th e  m o n o lay e r/so lu tio n  in te r f a c e .  These hexagonal 
outgrow ths cou ld  be viewed from below th e  monolayer <Fig. 4 .9 ) ,  and th e  
alignm ent o f th e  outgrow ths showed th a t  th e  c ry s ta l lo g ra p h ic  q. a x is  l i e s  
p a r a l l e l  t o  th e  monolayer su rfa c e  and p e rp e n d icu la r  to  th e  long a x is  of 
th e  c e n tr a l  d isk . In  a d d itio n , th e  p r ism a tic  s id e  fa c e s  o f th e  
hexagonal p la te s  a re  of second o rd e r p r ism a tic  form  <11.0> in  v a te r i t e  
and show th a t  th ey  a re  a lig n ed  p e rp e n d icu la r  to  th e  a. a x is  of th e  
psuedo hexagonal u n i t  c e l l .  One o f th e se  p r is m a tic  fa c e s  was a lig n e d  
p a r a l l e l  to  th e  o rg an ic  su rfa ce  (F ig. 4 .1 0 ). So i t  can be in fe r r e d  th a t  
type  II  c r y s t a l s  a re  a lig n e d  w ith  th e  a_ a x is  p e rp e n d ic u la r  to  th e  
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FIG. 4.7: HISTOGRAM SHOWING THE SIZE DISTRIBUTION OF 
MATURE TYPE I VATERITE CRYSTALS GROWN AT 
[Ca]=9.0 mM SOLUTION (Hexagonal cross 
section of the crystals were measured from 
micrographs).
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FIG. 4.8: SEM MICROGRAPH OF TYPE II VATERITE CRYSTAL; VIEW 
FROM ABOVE THE MONOLAYER (Scale bar = 10 ^m)
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FIG. 4.9: SEM MICROGRAPH SHOWING THE HEXAGONAL 
OUT GROWTH WITH [00.1 ] DIRECTION OF THE CRYSTAL 
PARALLEL TO THE MONOLAYER. (VIEW FROM BELOW THE 
MONOLAYER). (Scale bar = 10 nm)
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FIG.4.10: SEM MICROGRAPH OF TYPE II CRYSTAL SHOWING 
SECOND ORDER PRISMATIC (11.0) FACE ALIGNED PARALLEL TO 
THE MONOLAYER SURFACE. (Scale bar = 10 nm)
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E arly  c r y s ta l s  c o l le c te d  a t  t  s 30 m inutes showed ty p e  I 
biconvex d is k s  and type I I  e lo n g a ted  oval shaped d is k s  (F ig . 4 .1 1 ). 
C ry s ta ls  viewed in  s i tu  a t  t  = 1 hour e x h ib ite d  c l e a r ly  th e  two 
d i f f e r e n t  m orphological forms and showed th e  p e r ip h e ra l  edge development 
(F ig 4 .12 ) le ad in g  to  mature v a t e r i t e  f l o r e t s  and " b u t te r f ly - ty p e "  
c r y s ta l s  a t  t  = 21 hours. I t  ap p ears  from t h i s  th a t  th e se  two forms 
n u c le a te  in  th e  same o r ie n ta t io n  a s  was observed  in  th e  m ature c r y s ta l s
I
and m ain ta ined  t h e i r  re s p e c tiv e  o r ie n ta t io n s  th roughou t th e  growth 
p ro cess . These o b se rv a tio n s  were f u r th e r  confirm ed by p a r a l l e l  work 
done by Heywood [196] u sing  tra n sm iss io n  e le c t r o n  m icroscopy on th e  
e a r ly  c r y s t a l s  c o l le c te d  from  tro u g h  and d is h  experim en ts.
Type I I  c r y s ta l s  showed s l i g h t ly  l e s s  homogeneity when 
compared w ith  type  I c r y s ta l s  in  s iz e  d i s t r ib u t io n  m ainly due to  th e  
o r ie n ta t io n a l  d i f f e r e n c e s .o f  th e  c r y s ta l s .  Mean s iz e  o f th e se  c r y s ta l s  
were 80 pm w ith  a s tan d a rd  d e v ia t io n  of 14 pm (F ig . 4 .1 3 ) . However th e  
a b so lu te  s iz e  of th e  c r y s ta l s  v a r ie d  depending on th e  t o t a l  amount o f 
calcium  and ca rb o n ate  ions a v a i la b le  fo r  c r y s ta l  growth under th e  
monolayer. For example th e  c r y s ta l s  grown in  th e  tro u g h  experim ents 
were la rg e r  by 20 pm on an average when compared to  d ish  c r y s ta l s .
Vhen th e  f ilm  p re s su re s  were reduced  and th e  monolayer 
fo rm ation  was changed to  th e  l iq u id  phase, no change in  th e  polym orphic 
fo rm ation  o r in  th e  two m orphological form was observed. However, th e  
n u c lea tio n  d e n s ity  was reduced by around 30% (Table 4. 3) .
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FIG. 4.11: EARLY CRYSTALS COLLECTED FROM SOLID PHASE 
AMINE MONOLAYER AT t = 30 MIN. (Scale bar = 5 ^m)
FIG. 4.12: SEM MICROGRAPH OF A SINGLE CRYSTAL COLLECTED 
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FIG. 4.13: HISTOGRAM SHOWING THE SIZE DISTRIBUTION OF 
TYPE II VATERITE CRYSTALS GROWN AT [Ca]=9.0 mM
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The changes in  s u p e rs a tu ra t io n  from tCa] = 9 mM to  4 .5  mil, 
d id  no t a f f e c t  th e  fo rm ation  of v a te r i t e  (Table 4 .2 , & Fig 4 .14) o r the  
two m orphological form s. C ry s ta ls  grown a t  4 .5  mK calcium  c o n c e n tra tio n  
were alm ost e x c lu s iv e ly  v a t e r i t e  (Table 4 .3 )  and e x h ib ite d  th e  same 
c ry s ta l lo g ra p h ic  and m orphological o r ie n ta t io n s  w ith  re s p e c t to  th e  
monolayer su rfa c e  (F ig. 4 .1 5 ). There was no d if fe re n c e  in  th e  
n u c le a tio n  d e n s ity  o f th e  c r y s ta l s  o r in  th e  r e l a t i v e  numbers of th e  two 
m orphological form s (Table 4 .3 ) .  However th e  s iz e  of th e  c r y s ta l s  was 
reduced (F igs. 4 .16  and 4 .1 7 ). Type I and type  I I  c r y s ta l s  had mean 
s iz e  50 and 60 pm re s p e c t iv e ly .  The c r y s ta l s  were le s s  complex and 
su rfa c e  roughening was s l i g h t l y  reduced (F ig. 4 .1 8 ). In c reas in g  or 
d ecrea sin g  th e  p a r t i a l  p re ssu re  o f CO2 by changing th e  flow  r a te  d id  not 
have any e f f e c t  on v a t e r i t e  fo rm ation .
V a te r i te  n u c le a tio n  o f th e  two d i f f e r e n t  m orphological 
forms occured even a t  a c o n c e n tra tio n  a s  low a s  2 .3  mM calcium  
c o n c e n tra tio n , But th e  n u c le a tio n  d e n s i t ie s  and s iz e s  o f th e  two forms 
were h ig h ly  reduced  (Table 4 .2 ) .  However, when th e  c o n c e n tra tio n  was 
fu r th e r  reduced to  1 .2  mM, v a t e r i t e  fo rm ation  was n e g lig ib le  and some 
n o n -o rien ted  c a l c i t e  c r y s t a l s  were formed (Table 4 .3 ) ,  which showed very 
l i t t l e  su rfa c e  in te r a c t io n  w ith  th e  monolayer. The n u c le a tio n  d e n s ity  
and s iz e  of c r y s t a l s  were s ig n i f ic a n t ly  reduced and th e  c r y s ta l s  could  
be observed under o p t ic a l  m icroscope only  a f t e r  t  = 44 hours.
FIG. 4.14: XRD PHOTOGRAPH OF CRYSTALS GROWN AT (A) [Ca] = 
4.5 mM COMPARED WITH (B) CRYSTALS GROWN AT = 9 mM, AND 
(C) CRYSTALS GROWN IN THE ABSENCE OF A MONOLAYER.
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FIG. 4.15: OPTICAL MICROGRAPH OF CRYSTALS GROWN AT [Ca] 
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4.16: HISTOGRAM SHOWING THE SIZE DISTRIBUTION OF 
TYPE I CRYSTALS GROWN UNDER OCTADECYLAMINE 
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FIG. 4.17: HISTOGRAM SHOWING THE SIZE DISTRIBUTION OF 
TYPE II CRYSTAIS GROWN AT [Ca]=4.5 mM (The 
longest dimension of the crystals measured 
from micrographs).
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FIG. 4.18: SEM MICROGRAPHS OF TYPE I CRYSTAL (A) AND TYPE II 
CRYSTAL (B), GROWN AT [Ca] = 4.5 mM. (Scale bar = 10 (im)
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Form ation of rhDmbohedral c a lc i t e  c r y s ta l s  wft-S n o tic e d  in  
some exjerim ents where th e  e x te rn a l tem perature  was lowered s l ig h t ly ,  
but no sp e c if ic  o r ie n ta t io n  was observed. Furtherm ore, a sm all 
reduction in  tem p era tu re  s l i g h t l y  in c reased  th e  p ro p o rtio n  o f type I I  
c r y s ta l s  However, th e se  o b se rv a tio n s  in  term s o f a tem pera tu re  e f f e c t  
were only p re lim in a ry  and were le s s  rep ro d u c ib le .
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4 . 4 QXaCULSai PM i
The r e s u l t s  p re sen ted  in  th e  p rev ious s e c t io n  show th a t  
o r ie n te d  v a t e r i t e  fo rm ation  i s  favoured under octadecylam ine m onolayers 
and the two m orphological forms a re  c o n s is te n t ly  formed under th e  f ilm . 
The two form s show s p e c i f ic  m orphlogical and c ry s ta l lo g ra p h ic  
o r ie n ta t io n s  w ith  re s p e c t to  monolayer. Hence, th e re  a re  some s p e c i f ic  
in te r a c t io n s  by th e  monolayer on th e  n u c le a tio n  o r ie n ta t io n  of v a t e r i t e .  
The p a ss ib le  physico -chem ical and stereochem ica l in te r a c t in g  f a c to r s  a re  
d iscu ssed  below.
The fo rm ation  o f s o l id / l iq u id  phase m onolayers on  pure 
w ater in d ic a te s  th a t  th e  monomolecular f ilm s  of octadecylam ine a re  
s ta b le  under th e  c o n d itio n s  used. The in te r c a la t io n  o f b ica rb o n a te  io n s  
w ith  ammonium io n s  might be a p o ss ib le  e x p lan a tio n  fo r  th e  fo rm ation  o f 
p a r t i a l l y  expanded m onolayers o cca s io n a lly  observed in  th e  system .
There i s  a p o s s ib i l i t y  fo r  weak b ind ing  between th e  io n s  
which p robab ly  cou ld  le a d  to  th e  form ation  of d if fu s e  la y e r  c o n ta in in g  
both  b ic a rb o n a te  and carb o n ate  ions. However, w ith  COa2 -  io n s , th e  
in te rm o le c u la r  a t t r a c t i o n  in c re a s e s  and th e  a rea /m o lecu le  d e c rea se s , 
when compared w ith  monovalent b ica rb o n a te  io n s .
Form ation o f v a t e r i t e  a t  [Ca] = 9 . 0  and 4 .5  mM su g g es ts  
th a t  th e  amine f ilm s  c r e a te  a lo c a l environm ent below th e  monolayer of 
in c reased  s u p e r s a tu ra t io n  which i s  h ig h e r than  in  th e  bulk  s o lu tio n .
T his in c re a se d  s u p e rs a tu ra t io n  i s  e f f e c t iv e ly  c re a te d  by ca rb o n a te  and 
b ica rb o n a te  in te r a c t io n s  a t  th e  amine m onolayers over a range of
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c o n c e n tra tio n  le v e ls .  As i t  i s  p o ss ib le  to  form v a t e r i t e  a t  h ig h er 
s u p e r s a tu ra t io n  le v e ls ,  amine m onolayers p re fe ra b ly  favour th e  v a te r i t e  
n u c le a tio n  by a s im ila r  mechanism d iscu ssed  fo r  s t e a r a te  f ilm s  a t  low 
calcium  c o n c e n tra tio n  (See s e c tio n  3 .4 ) .
A lte rn a tiv e ly , i t  i s  p o s s ib le  to  assume th a t  th e  charged 
amine m onolayers cou ld  be h ig h ly  c a t a ly t i c  in  reducing  th e  a c t iv a t io n  
energy f o r  v a t e r i t e  fo rm ation . In t h i s  c o n tex t, we can assume th a t  
v a te r i t e  n u c le a tio n  i s  a c t iv a te d  by th e  fo rm ation  o f a n e g a tiv e ly  
charged d i f fu s e d  la y e r  underneath  th e  monomolecular f ilm . As i t  i s  
re p o r te d  C159I t h a t  a  n e g a tiv e ly  charged su rfa c e  fa v o u rs  th e  form ation  
of v a t e r i t e  which has a much more open and d e fe c tiv e  s t r u c tu r e ,  th e  
d if fu s e  la y e r  in  th e  p re se n t system  might have le d  to  t h i s  polymorphic 
s e l e c t i v i t y .
Form ation of two d i f f e r e n t  m orphological forms o f v a te r i t e  
was p re se n t in  t h i s  system . Type I v a te r i t e  c r y s t a l s  were a lso  formed 
in  v a r ia b le  p ro p o r tio n s  under ac id  f ilm s . T his shows th a t  th e  type  I 
c r y s ta l s  a re  n o t s p e c i f ic  to  th e  s ig n  o f headgroup charge and calcium  
b ind ing  o r c a rb o n a te  b ind ing  to  th e  monolayer i s  n o t n ecessa ry  fo r  
o r ie n te d  n u c le a tio n . Hence, th e re  must be some common phenomena which 
may invo lve  s t r u c tu r a l  or s te reo ch em ica l c o r r e la t io n s  between th e  amine 
and s te a r a te  m onolayers and th e  (00 .1) face  of v a t e r i t e .  However, th e re  
can be no d i r e c t  s te reo ch em ica l r e la t io n s h ip  on amine f ilm s  as th e  amine 
group has  no s te reo ch em ica l eq u iv a len t in  th e  c r y s ta l  s t r u c tu r e  of 
CaCOs.
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FIG. 4 .19 : DRAVIHG SHOVING DISPOSITION OF 
a  AND c. AXES OF VATERITE WITH RESPECT TO THE 
HAXAGONAL PLATE-LIKE HABIT. THE PRISMATIC (11 .0) 
AND BASAL (00 .1 ) FACES LIE PERPENDICULAR TO THESE 
AXES RESPECTIVELY.
111.0) FACE OF VATERITE
FIG
AMINE
4.20: (11.0) FACE OF VATERITE SHOWING THE POSITION OF Ca2+ AND COT IN 
THE CRYSTAL LATTICE. J
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The (11.0) face  of v a te r i t e  has a s im ila r  fe a tu re  as 
observed in  th e  <00.1> face  of v a te r i t e  and <1 T .0) face  o f c a l c i t e  
under s te a r a te  m onolayers (F ig .4 .1 9 ). This <11.0) face  of v a t e r i t e  has 
only  a su b se t o f carb o n ate  an io n s  a lig n ed  p e rp en d icu la r to  th e  c r y s ta l  
fa c e . One probab le  ex p lan a tio n  fo r  <11.0> face  n u c le a tio n  could  be th a t  
a t  th e  working pH of around 6 .0  th e  b ind ing  mode of ca rb o n ate  io n s  w il l  
be th rough b id e n ta te  HC03~ in te ra c t io n s  o rthogonal to  th e  amine (NHa*') 
headgroups (F ig . 4 .2 0 ) . T his in d ir e c t  in flu en c e  p ro v id es  to  some e x te n t 
a p o s s ib le  s te reo ch em ica l re c o g n itio n  between carbonate  io n s  o rg an ised  
w ith in  th e  boundary la y e r  below th e  amine groups and th o se  c o n ta in ed  in  
th e  develop ing  n u c le i .  T his e f f e c t  i s  no t h ig h ly  s p e c i f ic  s in c e  bo th  
<11.0) and <00.1) fa c e s  can be n u c lea ted  depending on th e  coherence o f 
carb o n ate  b in d in g  w ith in  lo c a l iz e d  domains under th e  m onolayers.
In  summary, m onolayers w ith  charged headgroups can c o n tro l  
n u c le a tio n  by <I) charge accum ulation  (e i th e r  +ve o r -v e )  r e s u l t in g  in  
th e  fo rm atio n  o f d if f u s e  (octadecylam ine) o r S te rn  la y e r s  ( s te a r ic  
a c id ) , ( I I )  s te reo ch em ica l e f f e c t s ,  d i r e c t ly  o r in d i r e c t ly  r e la te d  to  
th e  monolayer headgroups, and ( I I I )  geom etric f a c to r s  ( s te a r a te  o n ly ). 
The q u e s tio n  th e n  a r i s e s  a s  to  th e  p o ss ib le  e f f e c t  o f n e u tra l  headgroups 
such a s  -OH. The fo llow ing  c h a p te r  ad d resses  t h i s  q u e s tio n  and 
d e sc r ib e s  th e  e f f e c t  o f in c re a s e s  in  in te r-h ead g ro u p  sp ac ing  on CaC03 
n u c le a tio n .
C H A P T E R  V
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5 . 1  I NT R O D U C T I O N :
The influence of charged monolayers on th e  polymorphic and 
m orphological forms of calcium carbonate c ry s ta ll iz e d  from supersa tu ra ted  
calcium bicarbonate so lu tion  had been d iscussed  in  chap ter II I  and IV.
Both p o s itiv e  and negatively  charged monolayers induce 
o rien ted  v a te r i te  nucleation, whereas, negatively  charged s te a ra te  
monolayers e ffe c tiv e ly  co n tro l the  o rien ted  c a lc i te  form ation through 
s tru c tu ra l  and stereochem ical fa c to rs . To understand fu r th e r  and confirm  
the mode of influence on orien ted  v a te r ite  and c a lc i te  form ation, n eu tra l 
monolayers such a s  octadecanol and ch o les te ro l had been used and 
c ry s ta l l iz a t io n  under these  monolayers waiS s tud ied  and d iscussed  in  th is  
chap ter. Furtherm ore, to  understand th e  influence of hydrocarbon chain 
length  on o rien ted  c ry s ta l  form ation, th e  Czo, C22 and C2.4. a c id s  have been 
used as monolayers. The e p ita x ia l importance on th e  form ation of o rien ted  
c ry s ta ls  has been s tud ied  by using is o s te a r ic  acid  a s  the  monolayer forming 
substance. Thus, th i s  chap ter aims to  confirm  and extend th e  re s u l ts  
obtained in  previous chap ters and e lucidate  th e  hypothesis  proposed fo r  the  
mechanism of o rien ted  c ry s ta ll iz a tio n .
Octadecanol < CieHavOH ) has an id e n tic a l chain length  tfe 
the  s te a ra te  molecule. Hence the headgroup spacing  i s  expected to  remain 
the  same as  th e  acid  mo^layer, the only change in  th e  molecule being th a t  
the  charged COO~ group i s  replaced by the  n eu tra l 'OH' group.
C holestero l < Ca^H/ieOH ), has a 'OH' group s im ila r  to  
octadecanol, but d if f e r s  in  th e  hydrocarbon moiety having a bulky s te ro id
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rin g  s tru c tu re . Hence, the lim itin g  area per molecule w ill be g rea tly  
increased  over th a t  fo r  octadecanol.
E icosanoic acid  (Ci s»H3-7CQQH), docosanoic acid  (CaiHasCOOH), 
te tra co san o ic  acid  (C^sH* 1COOH), a l l  have the C00~ headgroup, but w ith 
in c reasin g  chain len g th s . These molecules are s im ila r  to  s te a r ic  acid  but 
are  in c reas in g ly  inso lub le  giving more s ta b le  monolayer film s.
Iso s te a r ic  acid  <Ci ©HaT-COOH) has a COOH headgroup but 
d if f e r s  from s te a r ic  acid  due to  th e  ‘CHa' group on carbon (2) and hence 
has increased  headgroup spacing because of the branched hydrocarbon chain.
5 . 1 . 1  O c t a d e c a n o l : F a tty  alcohols have the  general formula
CnH2n+iOH, th e i r  monolayer p ro p e rtie s  form the same tren d s  as the  acid  
monolayer, except th a t  they a re  not sub ject to  d is so c ia tio n , so th a t  th e  
subphase pH i s  la rg e ly  im m aterial. S im ilar to  acid  film s, alcohol 
monolayers a re  formed fo r  members of th e  s e r ie s  w ith 13 carbon atoms or 
more and s ta b i l i ty  in c reases w ith chain length.
A lcohols have sp ec ia l advantages to  be used as film s; 
i)  th e i r  p re ssu re -a rea  curves a re  sim ple with two approxim ately s t r a ig h t  
lin e s  and r e la te s  to  th e  s im p lic ity  of th e  film  s tru c tu re  and i i )  the e ffe c t 
of ions in  th e  subphase should be le ss  than on film s w ith more reac tiv e  
types of headgroups C123]. Octadecanol forms s ta b le  monolayers over a 
range of pH. The s ta b i l i ty  s tu d ie s  of octadecanol film s on water of 
various pH by measuring the  area of the  film  under co n stan t pressure , were 
c a r r ie d  out and was reported  th a t  octadecanol film s a re  much more s ta b le
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with high co llapse  p ressu re  when compared to  s te a r ic  acid  [,1423. Alcohol 
monolayers had been stud ied  both as  a function  of su rface p ressu re  a t  
various tem peratures and as a function  of tem perature a t  one <high> surface  
pressure and confirmed the  s ta b i l i ty  of th e  monolayer C1541. The data 
providing valuable inform ation regard ing  molecular in te ra c tio n  and 
o rien ta tio n  of various film s a t  d if f e re n t p ressu res , revealing  the two 
dimensional phase transfo rm ations a s  observed in IT-A curves of alcohol 
monolayers had been reported  [1341. I t  has been shown th a t  alcohol 
monolayers reduce the  ra te  of evaporation  o f water which i s  dependent on 
f i l l  p ressu re  [126, 1403.
The s tru c tu re  of th e  a lcohol monolayer <Czi KUaOH) on water 
in  the reg ion  near c lose  packing, by g razing  incidence in -p lane  X-ray 
d iff ra c tio n  has been reported  recen tly  and suggested a hexagonal to  pseudo- 
hexagonal s tru c tu ra l  tra n s i t io n  w ith in  th e  molecular layer [1543. S im ilar 
s tu i ie s  by Bohojion e t  a l [1493 have shown th a t  henicosanol (CzalLnOH) pack 
intD d isto rted -hexagonal s tru c tu re  in  th e  c lose  packed arrangem ent.
Even though the  form ation, s ta b i l i ty  and s tru c tu re  of alcohol 
m orolayers a re  being stud ied  fo r sometime, no attem pt was made to  use 
these monolayers fo r c ry s ta l  growth s tu d ie s .
5 . 1 . 2  C h o l e s t e r o l : C holestero l CC^rlLtsOH) i s  a n a tu ra l widespread
component of c e ll  membranes but l i t t l e  i s  known about th e  form ation and 
stru c tu re  of monomolecular film s. Some s tu d ie s  made on monolayer 
p rcp e rtie s  of ch o les te ro l e s ta b lish e d  th e  c lo se  packing of v e r tic a lly
2 1  7
o rien ted  ch o les te ro l molecules and th e  condensed s ta t e  of the  monolayer 
based on p ressu re -a rea  isotherm s and dem onstrated [1973 th a t  th e  overa ll • 
geometry and the favourable location  of the  po lar hydroxy groups are 
undoubtedly resp o n sib le  fo r th e  s tro n g  film  p ro p e rtie s  of such a re la tiv e ly  
complex s tru c tu re .
A study [1983 of the monolayer c h a ra c te r is t ic s  of ch o leste ro l 
has shown th a t  when th e  po la r headgroup i s  su itab ly  located in  the  molecule 
so  as to  allow c lose  packing, i t  formed a condensed monolayer. Measurements 
on the  dynamic behaviour of ch o les te ro l revealed th e  dependence of 
h y s te re s is  on the  com pression ra te  of the  monolayer C1413.
Mixed monolayers of ch o les te ro l w ith f a t ty  ac id s  had been 
examined a t  various com positions and tem peratures [1393 and showed th a t  
f a t ty  acid  and ch o les te ro l a re  m iscib le  in  the  expanded s ta te  and 
im m iscible in  th e  condensed s ta te  and th e  in te ra c tio n  between the  molecules 
i s  not sp e c if ic  but la rge  enough to  form homogeneous monolayers. 
Phosphatid ic acid  and ch o les te ro l mixed monolayers had been stud ied  and 
reported  th e  p o ssib le  ex istence  of ion -d ipo le  in te ra c tio n  between 
ch o les te ro l and phosphatid ic  ac id  [1993. Furthermore, i t  was shown th a t  
th e  add ition  of ch o les te ro l had reduced the  binding of calcium to  le c ith in  
monolayers [1993. The im m isc ib ility  of ch o les te ro l w ith e ith e r  octadecanol 
or s te a r ic  acid  had been shown by th e  su rface  p o te n tia l measurements [2003.
C ry s ta l growth s tu d ie s  were done recen tly  using ch o les te ro l 
moiety as monolayers and showed th e  in h ib ito ry  e ffe c t of th ese  monolayers 
on the  c ry s ta l  nucleation of sodium ch lo ride  [943.
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5 . 1 . 3  M o d i f i e d  f a t t y  a d d  m o n o la y e r s : I t  i s  well known th a t
hydrophobicity  3  , increases with the  length of the  a lk y l group <n) and
the s ta b i l i ty  of the  film  increases with chain length. Hence, when C z o ,
O z z ,  and C z a. ac id s  a re  used as monolayers, they are  expected to  form highly  
s ta b le  r ig id  and coherent film s as  compared to  s te a r ic  acid . Thus, i t  i s  
possib le  th a t  the  re la tiv e  r a t io  of type II and type I (realigned) c a lc ite  
c ry s ta ls  may increase  as  th e  monolayers become more s tab le .
Iso s te a r ic  acid  a lso  forms close packed monolayers w ith an 
area/m olecule 31A2 [2011; a higher monomolecular area  compared to  s te a r ic  
acid monolayers (20-22 A2), probably due to  an ad d itio n a l methyl group in  
the t a i l  p o s itio n . Use of th i s  molecule enables the  study of th e  e ffe c t of 
packing arrangem ent of molecules contain ing an ac tiv e  func tiona l group, on 
the c ry s ta l l iz a t io n  of CaCOa.
5 .2  CRYSTAL GROWTH STUDIES PBDER..QCIADECANQL MPffQLAYERS:
5 . 2 . 1  E x p e r i mpvn-t-.a 1 * Octadecanol ( CieHa^OH > was obtained in  pure 
form CBDH, sp ec ia lly  pure] and re c ry s ta lliz e d  from chloroform and the  
p u rity  checked by microelem ental an a ly s is  and I.R. sp e c tra l an a ly s is . 
Compressed monolayers of octadecanol were formed on pure w ater a t  pH 6.3 
and a t  T = 291 K and on Ca(HCOa)^ so lu tion  having tCal = 9 mM, a t  pH 6.0 
and T = 291 K. Experim ental procedure fo r film  form ation and 
supersa tu ra ted  CaCHCOs)^ so lu tion  preparation  i s  described  in  sec tions.2 .5  
and 3.2. C ry s ta ls  of calcium carbonate grown under octadecanol monolayers 
on calcium bicarbonate  so lu tion  subphase in  the Langmuir trough were 
co llected  a f te r  21 hours of growth and analysed by X-RD, OH and SEM
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techniques. The b icarbonate  so lu tio n  was d ilu ted  to  give tCa] = 4.5, 2.3 
and 1.2 mM and 100 ml of each so lu tio n  was taken in  g la ss  c ry s ta ll iz in g  
d ishes, th e  compressed monolayers of octadecanol were spread on these  
so lu tio n s  and the  c ry s ta ls  grown up to  21 hours were analysed under o p tica l 
microscopy.
5 . 2 . 2  R e s u l t s ; The p u rity  of re c ry s ta ll iz e d  octadecanol was confirmed 
to  be >99% by elem ental a n a ly s is  and by I.R. sp e c tra l an a ly s is . The m icro- 
elem ental a n a ly s is  r e s u l ts  a re  shown below.
C% H% 0%
Calculated value; 80.00 14.07 5.93
experim ental value; 79.90 14.20 5.90
I.R sp ec tra  of octadecanol i s  shown in  F ig .5.1. Absorption bands of 
term inal methyl group due to  asym m etric and symmetric modes appeared a t  
2900 and 2850 cm-1 re sp ec tiv e ly . The methylene (-CH2- )  groups in  a lin e a r  
a lip h a tic  chain  gave the  sharp  abso rp tion  bands a t  720 and 730 cm-11 due to  
the weak rocking motion. Peaks a t  1440 and 1370 cm-1 confirmed the  
presence o f a te rm in a l -CHs group. The most im portant absorp tion  band was 
due to  th e  s tre tc h in g  frequency o f O-H broad band a t  3281-3384 cm- 1 . 
i )  JConomolecular f ilm s  o f octadecanol: Octadecanol formed s ta b le
monolayers on pure w ater and on b icarbonate  so lu tion  subphases and th e  
p re ssu re -a rea  iso therm s recorded were s im ila r  in  both cases (Fig 5.2) and 
gave areas/m olecule around 20.5 and 20 A2 resp ec tiv e ly . Ro sp ec if ic  
condensation o f th e  isotherm  was noticed. This ind icated  th e  absence of any 

















FIG . 5 .1 :  INFRARED SPECTRUM OF RECRYSTALLIZED OCTADECANOL














(A) pure H2O pH 6.3
(B) C a jH O ^ p H  6.0
0.1 0.2 0.50 0*3
AREA per MOLECULE I nm2 )
FIG. 5.2: SURFACE PRESSURE-AREA CURVES OF OCTADECANOL ON (A) PURE WATER AT pH 6.3 
AND CALCIUM BICARBONATE SOLUTION AT pH 6.0 SUBPHASES.
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subphase so lu tio n  which is  to  be expected from a n eu tra l molecule lik e  
octadecanol. The iso therm s recorded in severa l experim ents consis1#ntly  
gave the  same area/m olecule w ithin ± 0.5 A2 and no h y s te re s is  was observed. 
This showed th e  s ta b le  and r ig id  film  form ation and the  absence of lo s s  of 
molecules from th e  monolayers by d isso lu tio n .
ii>  C ry s ta l grow th under octadecanol monolayers: Calcium carbonate
c ry s ta ls  grown under octadecanol monolayers a t  CCa] = 9 mM were co llec ted  
on g la ss  s l id e s  fo r  o p tic a l microscopy and X-RD a n a ly s is  and on s ta in le s s  
s te e l  s tu b s  fo r  SEM an a ly s is . X-RD an a ly s is  showed s trong  lin e s  fo r 
c a lc ite . However a  few lin e s  fo r  v a te r i te  were a lso  observed (Table 5.1>.
O p tical m icroscopic observations showed (Fig. 5.3) th a t  th e  
c ry s ta ls  were m ainly c a lc i te  w ith the  occasional presence of v a te r i te  
f lo r e ts .  The c a lc i te  c ry s ta ls  were of rhombohedral form w ithout any 
sp e c if ic  o r ie n ta tio n  o f <10.4> faces with resp ec t to  monolayer surface. 
C ry sta l su rfaces  d id  not show any su rface  roughening (Fig. 5 .4). They were 
smooth on a l l  faces  o f the  c ry s ta l .  SEM micrographs fu r th e r  showed reg u la r 
growth faces of th e  c ry s ta ls  w ith slow growth in  th e  d ire c tio n  
perpendicular to  th e  monolayer surface. No e levation  o r ho les were noticed  
on th e  c ry s ta l  faces  (Fig. 5 .5). These c ry s ta ls  looked s im ila r  to  the  
c ry s ta ls  formed a t  th e  bottom of th e  d ishes in  co n tro l experim ents, and 
showed th a t  th e  c r y s ta ls  were formed a t  a slow growth ra te . C ry sta l s ize s  
were not homogeneous. C ry sta l length and width had heterogeneous s ize  
d is tr ib u tio n  (F igs. 5.6 & 5.7) with a mean length and width o f 40 and 35 pm 
and o' = 16 and 20 pm resp ec tiv e ly . They showed p re fe re n tia l growth along
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Table 5 .1 : XRD d a ta  o f th e  mature c ry s ta ls  grown under
octadecanol monolayer [calcium] ( 9 . 0  mK )
d-spacing  C alc ite  Aragonite V aterite
< A )




2.728 2.834 2.700 2.735
2.483 2.495 2.481 2.219
2.274 2.284 2.328 2.122
2.095 2.094 2.106 2.065
1.912 1.907 1.977 1.857
1.871 1.873 • 1.882 1.825
1.626 1.626 1.814 1.825
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FIG. 5.3: OPTICAL MICROGRAPH SHOWING NON-ORIENTED 
RHOMBOHEDRAL CALCITE CRYSTALS AND SOME VATERITE 
FLORETS ([Ca] = 9mM, Scale bar = 100 \im)
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FIG. 5.4: SEM MICROGRAPH OF RHOMBOHEDRAL CALCITE (The 
smooth surfaces of the crystal suggest that there was minimal interaction 
between the crystals and the monolayer.) (Scale bar = 100 |im)
FIG. 5.5: SEM OF MONOLAYER-GROWN CALCITE CRYSTALS. THE 
MICROGRPAH SHOWS THAT THE LENGTH AND WIDTH 
DIMENSIONS OF THE CRYSTALS ARE VARIABLE WHILE THE 
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FIG. 5.6: HISTOGRAM SHOWING THE SIZE DISTRIBUTION 
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FIG. 5.7: HISTOGRAM SHOWING THE SIZE DISTRIBUTION 
(WIDTH) OF CALCITE CRYSTALS GROWN UNDER 
OCTADECANOL MONOLAYER.
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the d ire c tio n s  p a ra l le l  to  the monolayer surface. Growth along the  
d irec tio n  perpendicu lar to  the  monolayer surface  was re s t r ic te d  and had a 
lim ited  growth range in to  the bulk so lu tion . The c ry s ta ls  were le s s  than 10 
pm in  th ick n ess  w ith  a mean s iz e  of 5 pm (Fig 5.8).
Along w ith the main polymorph c a lc ite , some v a te r i te  f lo r e ts  
a s  observed in  s te a ra te  monolayers were a lso  seen. They had th e  s im ila r  
hexagonal symmetry w ith complex morphology and were o rien ted  with th e  c. 
a x is  perpendicular to  the monolayer su rface  (Fig. 5.9). However no c e n tra l 
e levation  was no ticed  when viewed from th e  v en tra l s id e  of th e  
f lo r e t  (Fig. 5.10). This shows th e  absence of any sp e c if ic  in te ra c tio n  of 
th e  monolayer w ith th e  c ry s ta l  face nucleated. The c ry s ta l  s iz e s  of th ese  
f lo re ts  were comparable to  type I f lo re ts  grown under amine monolayers and 
were around 100 pm.
X-RD q u a n tita tiv e  an a ly s is  showed 68 ± 5 % were c a lc ite  th e  
rem aining w eight percen t being v a te r ite . However, th i s  d id  not c o rre la te  
w ith the  number of nucleation s i te s  as  th e  c ry s ta l  s iz e s  o f v a te r i te  
c ry s ta ls  were much la rg e r  with complex morphological s tru c tu re  when 
compared to  th e  th in  c a lc ite  c ry s ta ls .
One d is t in c t  observation made was th a t  th e  nucleation 
d en sity  of th e  c ry s ta ls  grown was no ticeab ly  reduced, when compared w ith 
acid  and amine monolayers (Fig. 5.11).
When the  to ta l  CCa] was reduced to  4.5, 2.3 and 1.2 mM, the  
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FIG. 5.8: HISTOGRAM SHOWING THE SIZE DISTRIBUTION (THICKNESS) 
OF CALCITE CRYSTALS GROWN UNDER OCTADECANOL 
MONOLAYER.
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FIG. 5.9: SEM MICROGRAPH OF VATERITE FLORET FORMED 
UNDER OCTADECANOL MONOLAYER. VIEWED FROM BELOW THE 
MONOLAYER. (Scale Bar = 50 nm)
FIG. 5.10: SEM MICROGRAPH OF VATERITE FLORET; THE 
VENTRAL VIEW SHOWS THE ABSCENCE OF A CENTRAL 
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FIG. 5.11: THE EFFECT OF SUPERSATURATION ON THE NUCLEATION 
DENSITY OF CRYSTALS FORMED UNDER OCTADECANOL 
AND COMPARED WITH THE DENSITY OF CRYSTALS 
FORMED UNDER ACID AND AMINE MONOLAYERS.
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were observed in  the  c a lc i te  rhomb form ation. However th e  c ry s ta l  s iz e s  
were sm aller and the  p roportion  of v a te r i te  was fu r th e r reduced (Table 5.2). 
d) D iscussion: Octadecanol being a n eu tra l p o la r molecule formed r ig id
monolayer and was not a ffec ted  by the  presence of Ca2"", HCOa-  and CO32- 
ions. This in d ic a te s  the  absence of any s tru c tu re d  ion ic  lay er under the  
film . C alc ite  c ry s ta ls  formed were comparable to  the  co n tro l c ry s ta ls  
grown a t  the  bottom of the  c ry s ta l l iz in g  d ishes where th e  c ry s ta l  form ation 
and growth were slow and r e s t r ic te d  by d iffu sio n  lim ita tio n s . Absence of 
any su rface  in te ra c tio n  on th e  c ry s ta ls  a t  th e  a ir /w a te r  in te rfa c e  shows 
th a t  octadecanol i s  no t physico-chem ically  or stereochem ically  involved in  
the  c ry s ta l l iz a t io n  phenomenon.
A low nucleation  d en sity  value in d ica tes  th a t  the  monolayer 
has an in h ib ito ry  e f fe c t  on c ry s ta l l iz a t io n . This in h ib itio n  i s  c le a r ly  not 
involved w ith any chem ical, s tereochem ical or s tru c tu ra l  fa c to rs  between the 
monolayer and th e  rhombohedral c ry s ta ls  formed. The 'OH' group i s  not 
charged and th e re  i s  no c o rre la tio n  between the  <10.4> faces of c a lc i te  and 
the  headgroups of th e  monolayer. One p o s s ib i l i ty  fo r  reduction  in  
nucleation d en sity  and slow growth m ight be th a t  the  octadecanol monolayer 
acted a s  a n e u tra l in e r t  "monomolecular lid "  covering th e  su rface  of th e  
subphase so lu tio n  and c re a tin g  an atmosphere of r e s t r ic te d  d iffu sio n  a t  the  
in te rfa c e  and thereby reducing th e  r a te  of C02 evolution. S im ilar 
observations were noticed when heavy hydrocarbon l id s  were la id  on th e  
su rface  of b icarbonate  so lu tio n  C2023. A lte rn a tiv e ly , th e  n e u tra l su rface
2 3 5









Type I Type II
c a lc ite
Type I Type II
9.0 Solid ----- ----- 1875 275 2150
4.5 Solid ----- ----- 1625 300 1925
2.5 Solid ----- ----- 500 550 1050
1.2 Solid ----- ----- 400 ----- ----- 400
Nucleation density  = Number of c ry s ta ls /1  cm2
2 3 6
may provide an in c rease  in  the  a c tiv a tio n  energy fo r nucleation when 
compared to  a ir /w a te r  in te rface .
Polymorphic and m orphological forms grown in th e  system are  
not much d if fe re n t from the  co n tro l experiment c ry s ta ls ;  in  both they are  
mainly c a lc ite  w ith some occasional form ation of v a te r ite . From th is ,  i t  
can be im plied th a t  octadecanol, i s  not c a ta ly t ic  to  the  form ation of any 
one sp ec if ic  polymorph. However th e  v a te r ite  c ry s ta ls  formed under 
octadecanol monolayer a re  s l ig h t ly  d if fe re n t from those occasionally  
observed in  the  co n tro l c ry s ta ls .  These were d e n d ritic  in  morphology and 
were aggregated w ith co n tro l c a lc i te  c ry s ta ls . The v a te r i te  c ry s ta ls  
formed under octadecanol monolayer, although few, were d is c re te  and well 
developed. This can be explained in  two d if fe re n t ways. One p o s s ib il i ty  i s  
th a t  octadecanol monolayer might have contained some acid  molecules as  
im p urities  which would have favoured th e  v a te r i te  form ation. However, 
o rien ted  c a lc i te  p la te s  which a re  probable a t  th i s  CCal level were not 
located. Furtherm ore, FTIR sp e c tra l a n a ly s is  did no t show the  presence of 
C=0 group in  th e  octadecanol sample. A lte rna tive ly , a few v a te r i te  nuclei 
could have been formed k in e tic a lly  a s  in  the  co n tro l system  and these 
nuclei m ight have grown slow ly to  give ind iv idual v a te r i te  f lo re ts .
In summary, the  form ation of r ig id  octadecanol monolayer 
a c ts  as a th in  in e r t  membrane th a t  reduces the  r a te  of form ation of CCh, 
according to  th e  equation
2HCO3  ( « q )  ——— y C 0 3 '‘-C«kd >“  t  Hj„'0 < > t  CO 2 ( g )
2 3 7
in d ire c tly  reducing th e  ra te  of k in e tic s  of c ry s ta l l ia t io n . The monolayer 
was not involved s tru c tu ra lly  or stereochem ically  in  CaCCta c ry s ta ll iz a tio n . 
These re s u l ts  a re  c o n s is te n t w ith the  proposed influence of C00~ headgroups 
(chapter III  ) in  d ic ta tin g  the  o rien ted  nucleation of v a te r i te  and c a lc i te  
under su ita b le  cond itions. I t  a lso  confirm s the c a ta ly t ic  and 
stereochem ical e ffe c t caused by octadecylamine monolayers in  v a te r i te  
form ation, Thus a charged fu n c tio n a lity  i s  c ru c ia l to  the  oriented 
nucleation of calcium carbonate under Langmuir monolayers.
5 . 3 .  CRYSTALLIZATION STUDIES UNDER CHOLESTEROL MONOLAYERS: 
C holesterol, a compound having a s im ila r  'OH' headgroup lik e  
octadecanol but d if fe r in g  in  the  hydrocarbon moiety was chosen fo r  film  
form ation and c ry s ta l  growth s tu d ie s  to  observe the  influence of headgroup 
packing on nucleation.
5.3.1 Experim ental:
Monolayers of high p u rity  ch o le s te ro l (> 99%) were spread 
from chloroform  so lu tio n  <lmg/lml> on pure w ater and p ressu re  area^ curves 
were recorded a t  pH 6.8 and a t  T = 291 K. M ixtures of ch o les te ro l and 
s te a r ic  acid  were a lso  prepared. They were spread  as mixed monolayers on 
pure water subphases.
Mixture I CHL. 75% Acid. 25%
Mixture II CHL. 50% Acid. 50%
Mixture III  CHL. 25% Acid. 75%
The r a t io s  were taken as number percentages o f molecules of both the 
substances and were prepared in  chloroform . Mixed and pure monolayers
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were a lso  spread on calcium bicarbonate so lu tio n  subphases a t  pH 6.2 and a t 
T = 290 K and p ressu re -a rea  curves were p lo tted .
C ry sta l growth s tu d ie s  under pure ch o le s te ro l and mixed 
monolayers from supersa tu ra ted  CaCHCOs)^ so lu tio n  having [Cal = 9.8 mM. 
were undertaken. The 21 hours grown, c ry s ta ls  were co llec ted  On g la ss  
s lid e s  fo r  o p tica l m icroscopic observations.
5 .3 2  R esu lts :
a> Pure and mixed ch o les te ro l m onolayers: C holestero l having only a s in g le
hydroxyl group in  th e  same p o s itio n  of th e  r in g  system yielded  s ta b le  and 
incom pressible monolayers. V ertical o rie n ta tio n  of c h o le s te ro l molecule 
(Fig.5.12) and th e  condensed s ta te  of the monolayer had been e s tab lish ed  
fron th e  p ressu re -a rea  isotherm  of pure c h o le s te ro l on pure w ater 
(Fig.5.13.A). The area/m olecule was 38 ± 1 A2 . The molecular a rea  observed 
with ch o les te ro l agreed well w ith 0* 40 A2 ) from previous s tu d ie s  [97, 203J.
Mixed monolayers w ith s te a r ic  acid  a lso  formed condensed 
f i ln s  with monolayer a reas  gradually  reducing from *38 to  22 A2 , fo r  pure 
s te a r ic  acid  monolayer. The lim itin g  areas/m olecule of 75%, 50%, 25% 
cho lestero l m ixtures with acid  on pure w ater subphases were 36, 32 and 
29 i 2 resp ec tiv e ly  (Fig. 5.13 B,C,D). The reduction  in  area/m olecule could 
not be co rre la ted  lin e a rly  to  th e  c h o les te ro l concen tra tion . C holestero l 
and s te a r ic  acid a re  so d if fe re n t in chem ical s tru c tu re  th a t  they  do not 
forn an ideal mixed film . I t  can be in fe rred  th a t  they form im m iscible 
condensed monolayers a t  a l l  r a t io s .  However, previous s tu d ie s  [1391 show 
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FIG. 5.13: SURFACE PRESSURE-AREA CURVES OF CHOLESTEROL ON PURE 
WATER SUBPHASE AT T-291 K AND pH=6.8: (A) PURE
CHOLESTEROL MONOLAYER; MIXED MONOLAYER OF DIFFERENT 
PERCENTAGE COMPOSITIONS OF CHOLESTEROL AND STEARIC 
ACID: (B) 75 and 25, (C) 50 and 50, (D) 25 and 75, 
AND (E) PURE STEARIC ACID MONOLAYER.
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an ad d itiv e  ru le . We d id  not find  a s im ila r  co rre la tio n  from our lim ited  
re s u lts .
Monomolecular film s on Ca(HCCb)2 so lu tion  subphases on 
compression gave s im ila r  isotherm s (Fig.5.14). Increased condensation was 
observed when th e  proportion  of acid  molecules was increased. The 
area/m olecule was 39.5 A2 and was comparable w ith the  value obtained on 
pure water subphase. The areas/m olecules of 75%, 50%, 25% ch o les te ro l in  
mixed monolayers were 39, 38 and 29 A2 resp ec tive ly , and d id  no t show any 
c o rre la tio n  w ith the  amount of ch o les te ro l p resen t in  the  mixed monolayers 
One p o s s ib i l i ty  fo r  no t observing proportionate  reduction in  area/m olecule 
as the  amount of ch o les te ro l decreased might be th a t  some s te a ra te  molecule 
m ight have occupied th e  vacant p o s itio n s  between two ch o les te ro l molecules 
(Fig 5.15).
b) C ry s ta l grow th s tu d ie s  under ch o les te ro l monolayers: CaCG3 c ry s ta ls
grown under pure ch o les te ro l were observed by o p tic a l microscopy. These 
c ry s ta ls  were mainly c o n tro l- l ik e  c a lc ite  c ry s ta ls  w ith some d e n d ritic  
v a te r i te  form ation (Fig. 5.16). Some c ry s ta ls  resembled the  c a lc ite  
c ry s ta ls  grown under octadecanol film . The c ry s ta l  s iz e s  were 
heterogeneous w ith mean length of 30pm and <r = 13pm (Fig. 5.17) and were 
aggregated. This c lu ste red  form ation made the  nucleation d en sity  
determ ination d i f f ic u l t .
C ry s ta ls  grown under mixed monolayers were a mixture of 
o rien ted  c a lc i te  p la te s  and non-oriented c o n tro l- lik e  c ry s ta ls  (Fig.5.18) 
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FIG. 5.14: SURFACE PRESSURE-AREA CURVES OF CHOLESTEROL ON 
CALCIUM BICARBONATE SOLUTION SUBPHASE AT T-29QKAND 
pH-6.2: (A) PURE CHOLESTEROL MONOLAYER; MIXED
MONOLAYER OF DIFFERENT PERCENTAGE COMPOSITIONS OF 
CHOLESTEROL AND STEARIC ACID: (B) 75 and 25, (E) 50 
and 50, (D) 25 and 75 AND (E) PURE STEARIC ACID
MONOLAYER.
FIG. 5.15:REPRESENTATION OF MOLECULAR ARRANGEMENT OF
CHOLESTEROL AND STEARIC ACID IN THE MIXED MONOLAYER 
(THE BROKEN LINE INDICATES A POSSIBLE ION-DIPOLE).
FIG. 5.16: OPTICAL MICROGRAPH OF CRYSTALS GROWN UNDER 
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FIG. 5.17: HISTOGRAM SHOWING THE SIZE DISTRIBUTION 
OF CALCITE CRYSTALS GROWN UNDER 
CHOLESTEROL MONOLAYER (MEASUREMENTS WERE 
MADE AT THE LONG SIDE OF THE CRYSTAL).
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FIG. 5.18: OPTICAL MICROGRAPHS OF CRYSTALS GROWN UNDER 
MIXED MONOLAYERS OF CHOLESTEROL AND OCTADECANOIC 
ACID. (A) 75:25 (B) 50:50 (C) 25:75 (%)
CHOLESTEROL:OCTADECANOIC ACID. (Scale bar = lOOum)
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However, the  number o f orien ted  p la te s /u n it  area decreased as the  
ch o les te ro l number increased in  the mixture (Fig. 5.19), but did  not show 
any lin ea r re la tio n  between them (Table 5.3). The c ry s ta ls  grown in  the  
m ixtures composed localized  areas of orien ted  p la te s  and non-orien ted  
c a lc ite  c ry s ta ls .  Bo reg u la r arrangem ent of these c ry s ta ls  under the 
monolayer could be seen. The few v a te r ite  c ry s ta ls  located were d e n d ritic  
and d id  not show any sp ec if ic  o rien ta tio n  with resp ec t to  monolayer.
5.3.3. Discussion:
R esults from th ese  ch o les te ro l experim ents show th a t  th i s  
molecule i s  in e r t  tow ards c ry s ta ll iz a tio n  of CaCCb a t  the experim ental 
cond itions chosen. When mixed w ith s te a r ic  acid, i t  d id  not in te r fe re  with 
the  influence of s te a r ic  acid  on orien ted  c ry s ta ll iz a tio n . S im ilarly  s te a r ic  
acid had no e f fe c t  on the  a c t iv i ty  of ch o les te ro l monolayer in  the  
c ry s ta l l iz a t io n  p rocess.
C holestero l film s were highly  s ta b le  and condensed. The 
molecular a reas  observed seem to  be th e  sm allest obtained w ith any of the 
cy c lic  compounds lik e  sa tu ra ted  s te ro ls ,  but correspond well w ith th e  a reas  
to  be expected fo r  c lo se ly  packed v e r tic a l ly  o rien ted  molecules.
The condensing effect/m onom olecular area a t  d iffe re n t su rface  p re ssu re s  in  
mixed monolayers did not show any numerical re la tio n sh ip  with th e  amount 
of ch o les te ro l. I t  i s  p o ssib le  th a t  the  condensation and area/m olecule is  
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5.19: EFFECT OF MIXED MONOLAYER OF 
CHOLESTEROL AND STEARIC ACID ON THE 
FORMATION OF ORIENTED CRYSTALS.
T a b le  5 . 3 ; Humber of o rien ted  c ry s ta ls  Vs ch o les te ro l 
percentage ( Humber *>.
CHL * ACID * Oriented C alc ite  P la te s
per u n it area .
Experim ental Calculated/Expected
100* 0* 0 0
75* 25* 20 39
50* 50* 96 97
25* 75* 128 145
0* 100* 194 194
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C ry s ta ls  grown under ch o leste ro l were no d if fe re n t from 
co n tro l c ry s ta ls  but d iffe re n t from octadecanol experim ents. C holestero l 
has a s in g le  hydroxy group but a much more complex and bulky hydrocarbon 
geometry than  th e  sim ple octadecanol. The hydroxy group being n eu tra l did 
not show any s p e c if ic  in te rac tio n  with c ry s ta l  n u c lea tio n /o rien ta tio n , as  
seen from octadecanol monolayer. However, ch o les te ro l film s d id  not in h ib it  
the  nucleation  r a te  unlike octadecanol film s. This in d ica tes  th a t  the  
d isso c ia tio n  o f HCOs” ions to  give COa gas was not a ffec ted  by ch o les te ro l 
monolayer. The absence of th i s  in h ib ito ry  e ffe c t i s  presumably due to  the  
bulky r in g  system  having increased headgroup spacing of csl 6.8 A assuming 
hexagonal packing arrangem ent of the  molecules in  the  monolayer.
C ry s ta ls  grown under mixed monolayers in d ica te  th a t  th e  
monolayer i s  n o t homogeneously formed as d iscussed  in  th e  sec tio n  above. 
However decreasing  amount of ch o les te ro l and increasing  th a t  of acid  in  the 
mixed monolayers showed an increase  in  o rien ted  nucleation revealing  the  
non -in terferen ce  o f both the  substances. Furthermore, i t  confirm s the  
unique natu re  o f s te a ra te  molecules in  d ic ta tin g  th e  o rien ted  c a lc ite  
nucleation under th e  monolayer.
5.4. INFLUENCE OF HQMDLQGUES QF STEARIC ACID MONOLAYERS OIL 
QRIEKTED -CRYSTALL!ZATXQJST. OF.. CaCQa:
The aim of th is  piece of work was to  determ ine the  
influence on c ry s ta l l iz a t io n  of CaCOa by increases in  hydrocarbon chain 
length . The in c rease  in chain length increases th e  o v era ll hydrophobic 
nature of th e  molecules and hence is  expected to  give r ig id  monolayers.
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C rysta l growth under C20, Czz and C24. acids is  thus expected to  give 
s im ila r  r e s u l ts  a s  observed in  s te a r ic  acid system . However, s in ce  type I 
c a lc ite  c ry s ta ls  were considered to  a r is e  from realignm ent of type II 
c ry s ta ls  (section  3 .3 ), inc reasin g  chain lengths may increase  th e  
type I I / I  r a t io .
5.4.1. Experim ent: C ry s ta l growth experim ents were c a rried  out on
Ca(HC03)2 so lu tio n s  having ICa] = 9.4 mM. Solid phase monolayers of Csto, 
C22 and C=»* f a t ty  a c id s  were spread  on the  su rface  of b icarbonate  so lu tio n s  
in  g la ss  c ry s ta l l iz in g  d ish es  and th e  c ry s ta ls  formed were co llec ted  in  
g la ss  s l id e s  a f te r  22 hours and observed under o p tic a l microscopy. The 
amount o f ac id  molecules requ ired  to  form the  so lid  phase were calcu la ted  
assuming th a t  the  ac id  m olecules o f d iffe re n t chain leng ths had s im ila r  
lim itin g  area/m olecule and headgroup spacing. The number and types of 
orien ted  c ry s ta ls  and th e i r  re la t iv e  r a t io s  were calcu la ted  from o p tica l 
m icroscopic o bservations. The natu re  of o rien ta tio n  of the c ry s ta ls  was 
analysed by SEM microscopy.
5.4.2 R esu lts  and d is cu ss io n : C ry s ta ls  grown under th ree  d if fe re n t acid
monolayers were observed under o p tic a l microscopy and compared w ith th e  
c ry s ta ls  grown under s te a r ic  acid  monolayers grown under s im ila r  
experim ental co n d itio n s . O riented c a lc ite  c ry s ta ls  were s im ila r  in  a l l  th e  
monolayers in  th e i r  polymorphic forms morphological types and 
c ry s ta llo g rap h ic  o r ie n ta tio n  w ith re sp ec t to  monolayer su rface . However, 
th e re  were sm all v a r ia tio n s  in  nucleation d e n s it ie s  and in  the  s izes  of the  
c ry s ta ls  and th e  re la t iv e  p ro p o rtio n s  of type I and type II c ry s ta ls .
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These changes did not show any c o rre la tio n  with the increase  in  chain 
length of the acids.
The o p tica l micrograph in  Fig. 5.20 (A> shows th e  c ry s ta ls  
grown under (C2*) te traco san o ic  acid  and i s  compared with the  c ry s ta ls  
grown under s te a r ic  acid  monolayer (Fig.5.20 £B]>. SEM m icrograph of 
c a lc ite  p la te  grown under te traco san o ic  ac id  showed the  s im ila r  o rien ted  
c ry s ta l  form ation having cen tra l e levation  and th ree  inc lined  rid g es  w ith 
(1 1.0) face o f the  c ry s ta l  nucleated under the  monolayer (F ig.5. 21); they 
were mainly type II c ry s ta ls  grown w ithout th e  realignm ent to  form type I 
c ry s ta ls .  C ry s ta ls  from eicosanoic acid  and docosanoic acid  were no 
d iffe re n t from c ry s ta ls  grown under s te a r ic  acid  monolayer and type II 
c ry s ta ls  had d e n d ritic  growth. These observations provide a d d itio n a l 
evidence and confirm th e  hypothesis proposed fo r  the  o rien ted  nucleation  of 
c a lc ite  c ry s ta ls  under s te a ra te  monolayers and show th a t  th e  form ation of 
type I and type II c ry s ta ls  i s  not p rim arily  influenced by th e  r ig id i ty  of 
the  monolayer.
5.5. CRYSTAL GROWTH UffDEB ISOSTEARIC ACID KQFQLAYERS:
This work was undertaken to  determ ine the  im portance of 
spacing of th e  carboxyl group in  s te a ra te  monolayers on Ca(HCCb>2 so lu tion  
subphases in  th e  orien ted  nucleation o f CaCCb. The p o s s ib il i ty  of 
contro lling /m odify ing  the packing mode of th e  C00~ group by chemical 
m odifications of the  hydrophobic s id e  chains can provide a su ita b le  
approach fo r the  system atic  in v estig a tio n  of the  s tru c tu ra l  correspondence 
fo r o rien ted  c ry s ta l  nucleation,
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FIG. 5.20: OPTICAL MICROGRAPHS OF CALCITE CRYSTALS 
FORMED UNDER (A) OCTADECANOIC ACID, (B) TETRACOSANOIC 
ACID. (Scale bar = 50 |im)
FIG. 5.21: SEM OF ORIENTED CALCITE CRYSTAL FORMED UNDER 
TETRCOSANOIC ACID. THE CENTRAL ELEVATION WITH THREE 
INCLINED RIDGES IS CLEARLY SEEN INDICATING THAT THE 
CRYSTAL IS ORIENTATED WITH THE (1-1.0) FACE PARALLEL TO 
THE MONOLAYER. (Scale bar = 10 Rm)
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5.5.1 Experim ental: Iso s te a ric  ac id  (2-metliyl octadecanoic ac id ) was
obtained from P fa ltz  & Bauer, Inc., and i s  in  th e  liq u id  form a t  room 
tem perature. Im g/lm l of th e  acid  so lu tio n  was prepared  in  CHCI3 and used 
to  form th e  monomolecular film s. Monomolecular la y e rs  o f is o s te a r ic  acid  
were farmed on pure w ater a t  pH 6.8 and a t  T = 293 K and on su p ersa tu ra ted  
CaCHCOa) :^ so lu tio n  a t  pH 6 temperaure 291 K and CCal = 9.3 mM. A co n tro l 
system  using  6te a ra te  monolayer was a lso  prepared fo r  com parison.
C ry s ta ls  o f CaCOs grown fo r  22 hours under is o s te a r ic  a c id  were co llec ted  
in  g la s s  s l id e s  and were analysed using o p tic a l m icroscopy.
5.5.2 R esu lts  and d is cussion: Iso s te a r ic  ac id  formed good monolayers
(Fig 5.22) g iv ing  an area o f 29 A58, w ith a  headgroup spac ing  o f 5.8 A 
(assuming hexagonal packing), which i s  s l ig h t ly  lower th an  th e  value 
rep o rted  in  th e  l i te r a tu re  C2011. However, a t  h igh  p re ssu re s  th e  co llap se  
o f th e  monolayer was observed from th e  continuous reduction  in  th e  
monolayer a rea .
C ry s ta ls  grown under is a s te a r ic  a c id  were m ainly c o n tro l-  
l ik e  c a lc i t e  c ry s ta ls  a s  viewed from o p tic a l m icroscopy. C ry s ta l 
aggregation  and heterogeneous natu re , ty p ic a l o f c o n tro l c r y s ta ls  were 
observed. (Fig. 5 2 3  A) A few o rien ted  type  II c a lc i te  c r y s ta ls  were 
o ccas io n a lly  observed (Fig. 5.23. B).
An increase  of ca. 0.8-1.0 A in  in terheadgroup spacing  h as a 
profound e f f e c t  on o rien ted  nucleation  o f c a lc i te  under carboxy late  
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5 22* SURFACE PRESSURE-AREA CURVE FOR ISOSTEARIC ACID MONOLAYER ON CALCIUM 
BICARBONATE SOLUTION SUBPHASE AT [Ca]=10 mM, TEMPERATURE*293K AND pH -6.1 .
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FIG. 5.23: OPTICAL MICROGRAPH OF CRYSTALS FORMED UNDER 
ISOSTEARIC ACID MONOLAYERS. (A) NON-ORIENTED CRYSTALS 
REPRESENTING MAJOR AREA OF THE MONOLAYER SURFACE. (B) 
MICROGRAPH SHOWS SOME ORIENTED BUT AGGREGATED 
CALCITE CRYSTALS FORMED.
(Scale bar = 100 pim)
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Ca-Ca d is tan ces  in  the  (1 10) face and the  binding s i t e s  under the 
monolayers i s  c r i t i c a l  to  the generation of a p re fe rred  o rien ta tio n . Thus 
the s tru c tu ra l  co rre la tio n  along with charge accumulation and 
stereochem ical correspondence are  key fea tu res  of o rien ted  nucleation a t  
ino rgan ic-o rgan ic  in te rfaces .
C H A P T E R  V I
H T F L U E N C E  CD I5" C A T I O N S  OUST T H E
O R I E N T E D  C R Y S T A L L I Z A T I O N  O F
C A L C  I  CJlVt C A R B O N A T E  U J S T I D E J R
C H A R G E D  M O N O L A Y E R S
2 5 9
6 , 1  I N T R O D U C T I O N
The previous chap ters  have involved the  s tu d ie s  of co n tro lled  
c ry s ta l l iz a t io n  of CaCCb under charged and n eu tra l monolayers. Changes :. 
by reducing CCa] in  th e  bulk so lu tion , by d ilu tio n , on the  con tro lled  
c ry s ta l l iz a t io n  have been examined. Charged monolayers effected  o rien ted  
c ry s ta l l iz a t io n  of c a lc i te  and v a te r ite  depending on CCa], whereas, n eu tra l 
monolayers d id  not e f fe c t  con tro lled  nucleation. Vhen the  in ter-headgroup 
spacing was increased the  o rien ta tio n  e ffe c t was lo s t  o r reduced in  n eu tra l 
and ac id ic  monolayers re sp ec tiv e ly . The r ig id i ty  of monolayers by 
increasing  chain leng th  did  no t a f fe c t th e  morphological types or o rien ted  
c a lc ite  nucleation under acid  monolayers.
The aim of the  p resen t chap ter i s  to  study the  e ffe c t of 
com petitive ion-b inding  on the  o rien ted  nucleation  of CaCOa c ry s ta ls  under 
charged monolayers. Sodium and lithium  ca tio n s  a re  used a t  various 
[Ca] : CM*-] ra t io s .
Many geological m inerals and some b io log ica l m inerals a re  
known to  contain  fo reign  ions such as Fa, Li, K, Rb, Mg, S r, Zn, Fe and Mn. 
The com position of th ese  ions in  biom inerals i s  reported  to  be b io lo g ica lly  
con tro lled  [204]. Kitano and Vood stud ied  [205] th e  p re c ip ita tio n  of 
sy n th e tic  CaCOa in presence of Fa and reported  th a t  Fa reduced the  r a te  of 
p re c ip ita tio n  and favoured the  form ation of c a lc ite . The presence of Fa'*' in  
biogenic c a lc ite  has been s tud ied  by Land and Hoops [206] and Pilkey and
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H arris [207] and o th e rs . In the  study by White, C208] the  Ha'*' levels  of the 
sy n th e tic  c a lc i te  p re c ip ita te d  from MaCl so lu tio n  were reduced which 
suggested th a t  the presence of o rgan ics may be responsib le  fo r the  h igher 
lev e ls  of Ufa** in  biogenic c a lc i te .  This study fu r th e r showed the  p o ssib le  
in te rfe ren ce  of sodium in b iom inera lization  processes. Hence, i t  is  
in te re s tin g  to  study th e  ro le  o f th ese  ions in  co n tro lled  m ineralization  
through in v i tr o  system s.
The c o -p re c ip ita tio n  of a lk a l i  m etal ions (Li"-, Ha'*’, K^, Rb“*‘> 
w ith CaCOa by inorgan ic  methods was s tu d ied  [2093 experim entally  and i t  
was shown th a t  a lk a l i  m etal ions a re  n o t re ad ily  c o -p rec ip ita ted  with 
c a lc ite . The amount of a lk a l i  m etal ions p re c ip ita te d  decreased with 
increasing  ion ic  rad iu s  o f a lk a l i  m etals. Changes in  the  morphologies of 
c a lc ite  and a ragon ite  c r y s ta ls  to  s p h e ru li t ic  and d en d ritic  forms were 
stud ied  in  the  presence of c a tio n s  and i t  was suggested th a t  the 
su b s titu tio n  of c a tio n s  in  th e  c ry s ta l  la t t i c e  could be responsib le  fo r  the 
changes in morphologies [1893.
In te rac tio n  o f ions w ith charged monolayers has long been 
stud ied  and i t  has been shown th a t  ion binding of sp e c if ic  ions to  the  
monolayer headgroups depends on ch arg e/rad iu s  e f fe c ts  and o ther ions 
p re sen t in  the  bulk so lu tio n  [1863. An example of th is  e ffe c t has been 
provided by th e  observation  th a t  the  condensation of an a -io d o s tea ric  acid  
monolayer by Ba2^ i s  in h ib ite d  by th e  presence of excess potassium iodide 
in  the  subphase [2103. C ounter-ion e f fe c ts  had a lso  been stud ied  fo r f a t ty  
ac id s  and amines and th e  n a tu re  of th e  monolayers formed were analysed
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C211, 212]. However, c ry s ta l  growth s tu d ies  under th e  monolayer in  the  
presence of fo reign  ions have not been studied to  date. This chap ter analy  
ses  the c ry s ta ll iz a tio n  of CaCOa with added lithium  and sodium ch lo rides a t  
various concen tra tions under the  charged monolayers and in  the  con tro l 
experim ents. Group IA ca tio n s  were used ra th e r  than  group IIA cationB 
because of th e  known s tru c tu ra l  e f fe c ts  of the l a t t e r  ca tio n s. For example, 
low levels  of Mg2"*' k in e tic a lly  favour aragonite  over c a lc ite  c ry s ta ll iz a tio n  
from supersa tu ra ted  so lu tions C189L The morphologies of the  c ry s ta ls  
formed in  th e  absence of monolayers were examined and compared w ith 
c ry s ta ls  formed under charged monolayers under th e  same experim ental 
conditions. These s tu d ie s  w ill enable an understanding of the  binding 
e ffe c t of Ca to  s te a ra te  monolayers in  the  presence of lithium  and sodium 
and the  influence of c a tio n ic  spec ies  on the o rien ted  c ry s ta ll iz a tio n  of 
CaCOa under amine monolayers.
2 6 2
6 , 2  EXB.EBIM ENT :
C ry sta l growth s tu d ie s  of CaCOa w ith added lith ium  and 
sodium from sup ersa tu ra ted  calcium bicarbonate so lu tio n s  were c a rried  out 
in  the  absence of monolayers (con tro l sodium and con tro l lith ium  ex p ts).
The p rep ara tio n  o f b icarbonate so lu tio n  i s  given in  sec tion  2.6. The CCa] 
o f th e  b icarbonate  so lu tion  determined was in  the  range of 8.5-10 mM.
100 ml o r 1 dm3 of b icarbonate  so lu tion  was taken in  each 
c ry s ta ll iz in g  d ish . Solutions o f JTaCl were prepared and added to  the 
c ry s ta ll iz in g  d ish es  p r io r  to  pouring b icarbonate so lu tion  to  give f in a l  
co n cen tra tions of 0.04, 0.08 0.1, 0.12, 0.15, 0.16, 0.2, 0.25, 0.3, 0.4M fo r  
sodium. These were calcu la ted  to  give th e  ra t io s ,  CCahCJTa] = 1:4, 1:8, 1:10, 
1:12, 1:15, 1:16, 1:20, 1:30, and 1:40 in  th e  so lu tion . A s e t  of s im ila r  
so lu tio n s  were taken  and so lid  phase s te a r ic  acid  monolayers were spread  a t  
the  a ir /w a te r  in te rfa c e . The d ish es  were l e f t  undisturbed fo r  22 and 44 
hours and th e  c ry s ta ls  grown were co llec ted  fo r XRD, EDXA, atomic 
absorp tion  IR and o p tic a l and scanning e lec tron  microscopy.
Amine monolayers were spread  on the  surface  o f b icarbonate  
so lu tio n s  con ta in ing , 0.04, 0.08, 0.12, 0.16, 0.20, 0.24 molar concen tra tions 
of sodium ch lo rid e  to  give CCa]:CNa] r a t io  of 1:4, 1:8, 1:12, 1:16, 1:20, 1:24 
in  the  bulk so lu tio n .
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C ry sta ls  grown in  the  presence of sodium, and in  the  presence and absence 
of monolayers were co llected  and analysed fo r th e ir  s tru c tu ra l  and 
morphological changes and the  o rien ta tio n a l nature of the  c ry s ta ls  grown 
under the  monolayers.
C ry s ta lliz a tio n  of CaCOa in  the presence of lith ium  were 
c a rrie d  out in  a s im ila r  manner. The concen tra tions of lith ium  in  
bicarbonate so lu tio n s  were 0.02, 0.04, 0.06, 0.08, 0.10, 0.15, 0.20, 0.40M with 
corresponding [Ca] : [Li] ra t io s  = 1:2, 1:4, 1:6, 1:8, 1:10, 1:15, 1:20, 1:40. 
C ry sta ls  grown in  the  presence of lithium , in  th e  absence/and presence of 
the  s te a ra te  and amine monolayers were co llected  a f te r  24 and 44 hours and 
analysed fo r  th e ir  m orphological and s tru c tu ra l  changes, by XRD, IR and 
o p tica l and SEM microscopy. The e ffe c t on the o r ie n ta tio n a l influence of 
the  monolayer and th e  changes in  the o rien ted  c ry s ta ls  under th e  monolayer 
in  the  presence of lithium  were determined.
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6 . 3  R E S UL T S
6.3.1 C ry s ta lliz a tio n  o f CaCOa In the  presence o f Ha and Li In  co n tro l 
experim ents:
Polymorphic and morphological forms of CaC03 grown in  
presence of various amounts o f sodium and lithium  in  th e  co n tro l so lu tio n s  
gave very in te re s t in g  and marked re s u lts .
6.3.1.1 C ontrol experim ents In  presence o f sodium:
C ontrol experim ents in  presence of sodium w ith increasing  
amounts from 0.04 to  0.4 molar concen tra tions in  b icarbonate so lu tion  were 
observed by o p tic a l microscopy. The c ry s ta ls  were mainly rhombohedral, 
c o n tro l- l ik e  c a lc i te  c ry s ta ls  and were s im ila r  to  th e  co n tro l experim ents 
in  the  absence of Ha. C ry s ta ls  grown in  the  presence of sodium having CCa] 
: CNal = 1:10 a re  shown in  Fig.6.1. C ry s ta ls  were s im ila r  in  a l l  
concen tra tions o f sodium except th a t  they were in c reasin g ly  sm aller and 
grew more slow ly as  th e  concen tra tions of sodium increased .
At CCa] : CNa] = 1:40, c ry s ta ls  were only observed around 40 hours by 
o p tica l microscopy. However, th e re  were no d iffe ren ces  in  th e  polymorphic 
and m orphological forms of CaCOa c ry s ta ls  formed. C alcite  c ry s ta ls  grown 
a t  CCa] : CHa] = 1:10, were washed with d is t i l le d  water and elem ental 
an a ly s is  by X-ray spectroscopy was ca rried  out. The EDXA spectrum 
(Fig .6.2) shows th e  presence o f a very sm all amount o f sodium in  the  
c ry s ta l . A corresponding peak fo r ch lo rine  was no t observed.
HO. 6.1: OPTICAL MICROGRAPH OF CALCITE CRYSTALS GROWN 
FROM SUPERSATURATED Ca(HC03)?(Kl) IN THE PRESENCE OF 
SODIUM IONS. |Ca|:|Na] -  1:10. (Scale bar * 100 (im)
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FIG. 6.2: EDAX SPECTRUM FROM THE SURFACE OF A CALCITE CRYSTAL 
(ALUMINIUM AND GOLD PEAKS ORIGINATE FROM THE SAMPLE 
HOLDER).
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This in d ica te s  th a t  sodium is  adsorbed on the  su rface  and i s  not a NaCl 
dry ing  a r te fa c t. Atomic absorp tion  spectrophotom etric a n a ly s is  a lso  showed 
th a t  0.039 mole % of sodium ions were p resen t in  c a lc ite  c ry s ta ls .
XED an a ly s is  of the  same c ry s ta ls  showed th e  main 
polymorph a s  c a lc ite  (Table 6.1). However, two lin e s  corresponding to  
v a te r i te  c ry s ta ls  were a lso  observed. An overlapping lin e  corresponding to  
sodium ch lo ride  a t  2.822 A with the  c a lc ite  lin e  a t  2.834 A was observed. 
This one lin e  i s  in su ff ic ie n t to  p red ic t the  presence of NaCl.
Q ualita tive  observations showed th a t  the nucleation density  and growth ra te  
of CaC03 c ry s ta ls  decreased and v a te r ite  form ation reduced a s  the  
concen tra tion  of sodium in  th e  bulk so lu tion  increased.
6.3.1.2 C ontrol experim ents in  presence of lithium :
C ry s ta lliz a tio n  of calcium carbonate in  th e  presence of 
various concen tra tions of lithium  in  co n tro l experim ents analysed by 
q u a lita tiv e  XRD showed th a t  the  c ry s ta ls  were mainly c a lc ite . A nalysis of 
c ry s ta ls  grown in  the  presence of lithium  a t  [Ca] : CLi] = 1: 20 i s  shown in  
Table 6.2. The absence o f LiCl and LizCCb was noticed. An overlapping 'd* 
spacing a t  4.122 was observed which i s  c lose to  v a te r i te  and LiaCOa. 
However, th e  lin e  can be co rre la ted  to  v a te r i te  ra th e r  than to  lithium  
carbonate a s  th e  s tro n g e s t in te n s ity  lin e  of LisaCQa a t  2.812 was absent. 
Furthermore, s l ig h t  dev iation  of 'd ' spacing values of c a lc i te  was a lso  
observed.
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Table 6 .1 : X-ED d a ta  o f CaCOa c ry s ta ls  grown In presence of
sodium. CCa] : CEal = 1 : 10. CCa] = 0.01 M.
d-spaclng  C a lc ite  Sodium ch lo ride  sodium carbonate














* = In te n s ity  value corresponds to  hydrated sodium carbonate.
# = In te n s ity  value corresponds to  unhydrous sodium carbonate. 





Table 6.2: X-ED d a ta  o f CaCOa c ry s ta ls  grown. In presence o f
lith ium . CCa] : ELI] = 1 : 10. CL1] = 0.1 X.
(d- spacing In  Angstroms,CA3)
d-spaclng  C alc ite  LI2CQ3 L1C1
4.122 4.160 (1=85%)
3.887 3.852
3.047 3.030 (1=100%) 2.918 (1=80%) 2.967 (1=100%)
2.812 (1=100%)
2.501 2.495
2.288 2.284 2.570 (1=86%)
2.102 2.094
1.923 1.926
1.884 1.873 1.817 (1=58%)
1.610 1.604
1.530 1.524
I = In te n s ity  of d if f ra c te d  X-ray lin e s
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O ptical m icroscopic observations of c a lc ite  c ry s ta ls  grown 
a t  CCa] : CLi] = 1:20, showed a remarkable change in  the  morphology of the 
c ry s ta ls  grown. Instead of normal rhombohedral {10.4} faces of c ry s ta ls  
being farmed, hexagonal (00.1) faces of c a lc ite  c ry s ta ls  were developed 
(Fig .6.3). Q ualita tive  observations showed th a t a t  th is  r a t io  alm ost 
exclusively  a l l  the  c a lc ite  c ry s ta ls  had developed hexagonal faces.
C ry s ta ls  a ligned  with th e ir  hexagonal faces orien ted  perpendicular to  the  
d ire c tio n  of incidence of c ro ss-p o la rized  l ig h t  became e x tin c t in d ica tin g  
th a t  the  expressed faces were normal to  the iso tro p ic  c a lc ite  q. ax is .
The p roportion  of fu lly  developed hexagonal faces o f c ry s ta ls  increased , as 
the  concen tra tions of lithium  in the so lu tion  were increased. When th e  CCa]
: CL13 in  the  mother so lu tion  was in  th e  r a t io  of 1:2, the  m ajority  of the  
c ry s ta ls  had developed tr ia n g u la r  (00.1) faces of c a lc ite  (Fig. 6 .4). As the  
concen tra tion  was increased to  CCa] : CLi] = 1:20, the  tr ia n g u la r  faces were 
changed and th e  trunca tion  of a l l  s ix  {10.4} faces re su lted  in  hexagonal 
tab u la r c ry s ta ls  (Fig.6.5). Furthermore, when the  c ry s ta ls  were allowed to  
grow fo r  44 hours alm ost a l l  the  c ry s ta ls  were fu lly  developed hexagonal 
c a lc ite . This shows th a t the  c ry s ta l  growth process i s  co n stan t through 
the  c ry s ta l l iz a t io n  period. In general, th e  (00.1) faces  were smooth, but 
unlike th e  {10.4} faces they contained surface s tep s . In some c ry s ta ls  
p a r tic u la r ly  a t  h igher lithium  concen tra tions the  stepping  re su lted  in  a 
depressed c e n tra l region of the  (00.1) face in d ica tin g  th a t  th e  e ffe c t of 
lithium  in  in h ib itin g  c ry s ta l  growth perpendicular to  the q. ax is  was more 





FIG. 6.3: OPTICAL MICROGRAPH OF CALCITE CRYSTALS GROWN 
IN THE PRESENCE OF LITHIUM IONS. THE NORMAL 
RHOMBOHEDRAL (10.4) MORPHOLOGY IS MODIFIED BY THE Li+, 
PROMINANT HEXAGONAL (00.1) FACES ARE OBSERVED ON THESE 
CRYSTALS. THE CRYSTALS WERE WASHED WITH DISTILLED H20 
PRIOR TO ANALYSIS. [Ca]:[Li] = 1:20. [Ca] = 0.01 M. (Scale bar = 50 nm)
FIG. 6.ijSEM MICROGRAPH SHOWING THE DEVELOPMENT OF THE
(00.1) FACES OF CALCITE GROWN IN THE PRESENCE OF LITHIUM. 
[Ca]:[Li] = 1:2. (Scale bar = 20 (tm)
FIG. 6.$,:SEM MICROGRAPH SHOWING A FULLY DEVELOPED 
(00.1) FACE OF CALCITE GROWN IN THE PRESENCE OF LITHIUM. 
[Ca]:[Li] = 1:20. [Ca] = 0.01 M. (Scale bar = 10 |im)
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the lith ium  concentra tion  was increased to  CCa] : CLi] = 1:40 aggregates of 
hexagonal c a lc ite  c ry s ta ls  were observed (F ig .6.6). Further, the  atomic 
absorp tion  spectrophotom eteric an a ly s is  showed the  presence of 0,06 mole % 
D f lith ium  in  the  c a lc i te  c ry s ta ls .
IR sp ec tra  of c a lc ite  c ry s ta ls  co llec ted  from pure co n tro l 
experim ents and c ry s ta ls  grown in  presence of CCa] : CLi] = 1:20 showed 
some fea tu res  (Figs. 6.7 and 6 .8). F i r s t  of a l l ,  the spectrum was highly  
resolved fo r the c ry s ta ls  grown in  presence of Li. Secondly, pure co n tro l 
c ry s ta ls  had absorp tion  peaks ty p ic a l of c a lc i te  c ry s ta ls  (see sec tio n  3 .3). 
But fo r c ry s ta ls  grown in  th e  presence of Li, th e  peak a t  1374cm-1 was 
very weak and a t  1439cm- 1 , i t  was no ticeab ly  sharper. Furthermore, th e  
peaks a t  1014cm-1 were resolved c lea rly . V aterite  and LisCOa have 
absorp tion  frequencies a t  1452 cm-1 and 1475 cm-1 resp ec tiv e ly  but, th ese  
would be ad d itio n a l peaks w ith measurable in te n s i t ie s  in  th e  spectrum.
These changes are in s ig n if ic a n t and i t  was no t possib le  to  determ ine any 
d is to r tio n  in  the c ry s ta l  la t t ic e  from th ese  r e s u lts .  However, some 
observations giving a resolved spectrum w ith h igher frequencies of 
d isordered  c a lc ite  in presence of f e r r i c  gel have been reported  [213]. High 
reso lu tio n  XRD an a ly s is  of CaCOa c ry s ta ls  grown in  the  absence of lith ium  
and the  surface and bulk c ry s ta ls  grown in presence of lith ium  a t  
Ca : Li = 1 : 20 are  shown in fig u res  6.9, 6.10 and 6.11, The in te n s i t ie s
2 7 !>
FIG. 6 . £ : CALCITE CRYSTALS GROWN AT HIGH CONCENTRATION 
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FIG. 6 .9 : AUTOMATICALLY RECORDED X-RAY DIFFRACTION PATTERN OF CONTROL CALCITE CRYSTALS IN THE 
























FIG. 6 .jo: XRD PATTERN OF CALCITE CRYSTALS GROWN IN THE PRESENCE OF LITHIUM. CRYSTALS WERE 
























FIG. 6.IJ: XRD PATTERN OF CALCITE CRYSTALS GROWN IN THE PRESENCE OF LITHIUM. CRYSTALS WERE 




of peaks corresponding to  (hkl) planes of th e  c ry s ta l  were d if fe re n t 
between th e  con tro l c ry s ta ls  and c ry s ta ls  grown in  the  presence of lithium . 
The main peak in te n s ity  values corresponding to  sp e c if ic  (hkl) p lanes are 
given in  ta b le  6.3. The values c lea rly  show d iffe ren ces  between normal 
co n tro l and lithium  con tro l c ry s ta ls  and show a general tren d  of decrease 
in  in te n s ity  value from pure co n tro l c ry s ta ls .  However, the  in te n s ity  
values corresponding to  (00.6) plane has increased . Further, the  values of 
(10.2), (30.6), (20.4), (30.0) p lanes remained nearly  equal.
The changes In lin e  in te n s i t ie s  could have been caused by 
the  follow ing fac to rs ; the  su rface  roughness would have caused a change on 
re la tiv e  lin e  in te n s i t ie s  (as oocurs in  the  case of a coarse powder 
compact) and i f  th e  lin e a r  absorp tion  c o e ffic ien t was high, th e  in te n s it ie s  
of low angle re f le c tio n s  would be abnormally low because of th e  absorp tion  
of the  d if f ra c te d  ray s  in each p ro jec ting  po rtio n  of th e  su rface . But in  
the p resen t re s u lt ,  the  re f le c tio n  of (00.6) plane (low angle re fle c tio n ) 
shows 120% increase  in  the  in te s i ty  value. This shows th a t  more number of 
tab u la r c ry s ta ls  were p re fe re n tia lly  o rien ted  in  th e  sample holder giving 
r i s e  to  th e  increase  in  th e  in te n s ity  of th e  (00.6) re f le c tio n . Thus, i t  
in d ica te s  th e  presence of s ig n if ic a n t proportion  of tab u la r c ry s ta ls  in the  
sample. The determ ination of th e  u n it c e ll  la t t ic e  param eters (Table.6,4) 
showed only very sm all dev ia tions from the  th e o re tic a l values. As there  
are  th e o re tic a l values C159, 214] which show a dev iation  of 0.06 A in  ct-,«x 
u n it c e ll  dim ensions, i t  i s  d if f ic u l t  to  in fe r  th a t  th e  0.026 A dev iation  
from c o n tro l c ry s ta ls  to  c ry s ta ls  grown in  th e  presence of lith ium  is
282
Table 6 .3 : In te n s ity  values of d -spacing  lin e s  of (hk.l) planes
of c a lc ite  c ry s ta ls  grown in  presence of lithium . 
(Jtaesurements made from X-ray d if f ra c tio n  >' 
and CuK« rad ia tio n  was used.
(hk.l) Planes of % T  values % 'I ' values (I.Li-I.C)
C alcite  c ry s ta ls  Normal con tro l Lithium co n tro l -------- %
c ry s ta ls  (From surface .) I.C
c ry s ta ls
(I.C) (I.L i) (hi %)
(10.2) 12.0 15.3 27.5
(00.6) 2.5 5.5 120.0
(11.0) 19.6 10.0 -49.0
(11.3) 25.5 14.8 -42.0
(20.2) 25.8 6.4 -75.5
(20.4) 9.0 8.0 -11.0
(10.8) 24.8 8.9 -64.0
(11.6) 27.5 10.5 -11.0
(21.1) 4.7 1.3 -72.0
(12.2) 12.5 4.0 -68.0
(21.4) 7.7 5.0 -35.0
(30.0) 10.0 10.0 -0.0
(30.6) 4.4 4.0 -9.0
(11.12) 3.4 1.6 -43.0
In ten s ity  values of (10.4) planes were taken  as  s tan d ard  as 100% 
and o ther values were calcu lated  from th a t.
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Table 6 .4 : Unit c e ll  dimensions (in  A) of c a lc i te  c ry s ta ls  grown
in  the  presence and absence of lith ium .
Type of c ry s ta ls  Hexagonal c e ll  dimensions
formed shwk Ch«:«
C alcite  c ry s ta ls  4.990 17.061 (c/a = 3.419)
( li te ra tu re  value)
C alcite  c ry s ta ls  4.990 17.070 (c/a = 3.421)
(normal con tro l)
C alcite  c ry s ta ls  
(lithium  con tro l)
4.997 17.097 (c/a = 3.421)
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s ig n if ic a n t. However, previous d a ta  C159] w ith magnesian c a lc i te  show th a t  
a change of 0.2% in the  la t t ic e  co n stan t i s  s ig n if ic a n t enough to  show the  
presence of = 2.5% of foreign ions th a t  would have created  a d isordered  
la t t ic e  s tru c tu re  g iving change in  th e  la t t ic e  co n stan t values. Our data  
show s im ila r ly  a  sm all change in l a t t ic e  param eters (Table 6.4) in d ica tin g  
a p o ssib le  presence of lithium  on the c ry s ta l  face. However, confirm ation 
of these  re s u lts  req u ires  more d e ta iled  d a ta  co lle c tio n  in  these  
experim ents.
6.3.2 Influence o f sodium on th e  form ation o f c r y s ta ls  under s te a r ic  acid  
monolayers:
Calcium carbonate c ry s ta ls  grown under s te a ra te  monolayers 
in  th e  presence of sodium were observed by o p tica l microscopy. C ry s ta ls  
grown a t  1:10 and 1:20 are  shown in  (Figs. 6.13. A,B & C). When compared 
to  th e  number o f o rien ted  c a lc ite  c ry s ta ls  under ac id  monolayers in  the 
absence of sodium th e  number of o rien ted  c ry s ta ls  per u n it a rea  reduced 
gradually  a s  the  concen tration  of sodium increased . Figure 6.14 shows th e  
reduction in  o rien ted  c ry s ta ls  a s  th e  concen tra tion  of sodium increased. 
Apart from reduction in  the  number of o rien ted  c ry s ta l  forms, th e  to ta l  
nucleation d en sity  was a lso  reduced. However, th e re  were no changes in  the 
c ry s ta llo g rap h ic  o rien ta tio n , with the  (11.0) face aligned  p a ra lle l  to  the  
monolayer su rface . This reduction was s ig n if ic a n t even a t  CCa] : CHa] = 
1:10, although a t  CCa] : CHaJ = 1:40 th e re  were s t i l l  some o rien ted  c ry s ta ls  
formed. Hence, sodium ions did  not change the  o r ie n ta tio n a l e ffe c t of 
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FIG. 6.12: DATA SHOWING THE BINDING RATIO OF Ca AND Na UNDER STEARIC ACID MONOLAYER 











FIG. 6.13.(A). OPTICAL MICROGRAPH OF CRYSTALS GROWN 
UNDER STEARIC ACID MONOLAYER IN THE ABSENCE OF SODIUM 






FIG. 6.13.(B). OPTICAL MICROGRAPH OF CRYSTALS GROWN 
UNDER STEARIC ACID MONOLAYER IN THE PRESENCE OF 
SODIUM IONS. [Na] =0.1 M. [Ca]:[Li] = 1:10 








FIG. 6.13.(C). OPTICAL MICROGRAPH OF CRYSTALS GROWN 
UNDER STEARIC ACID MONOLAYER IN THE PRESENCE OF 
SODIUM IONS. [Na] = 0.2 M. [Ca]:[Li] = 1:20 
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FIG. 6.14: GRAPH SHOWING THE INFLUENCE OF SODIUM IONS ON 
ORIENTED CALCITE CRYSTALS GROWN UNDER ACID 
MONOLAYER.
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the to ta l  nucleation den sity  of the  c ry s ta ls  and increased  the  p roportion  
on non-oriented c ry s ta ls .  S im ilarly , th e  sm all number of v a te r i te  c ry s ta ls  
formed in  presence of sodium were not changed in  th e ir  hexagonal 
morphology. Their s ize s  were reduced and the number of c ry s ta ls  formed 
were decreased <Fig. 6.15) as  the  concen tra tion  of sodium increased.
6.3.3 Influence o f lith ium  on o rien ted  c ry s ta l l iz a t io n  o f CaCOa under 
s te a r ic  a c id  monolayer:
C ry s ta lliz a tio n  of CaC03 under a s te a ra te  monolayer in  the 
presence of lithium  gave s im ila r e f fe c ts  a s  fo r  ETa except th a t  th e  (11.0) 
face o rien ted  c a lc i te  c ry s ta ll iz a tio n  contained truncated  (00.1) faces.
At low concen tra tions of lith ium  (Ca : Li = 1 : 2) th e  influence 
of lithium  was not noticed on the  m orphological natu re  of th e  c ry s ta ls .  
C alcite  c ry s ta ls  formed were o rien ted  an th e ir  (11.0) faces. However th e  
number of o rien ted  c ry s ta ls  was reduced as the  concen tra tion  of lithium  
increased . Furthermore as  the  concen tra tion  of lithium  increased  to  
CCa] : CLiJ = 1:10 the  development of trunca ted  (00.1) faces on th e  o rien ted  
c a lc ite  c ry s ta ls  were noticed (Fig.6.16 ). An in te re s tin g  fea tu re  in  these  
c ry s ta ls  was th a t  th e  c a lc ite  c ry s ta ls  showed th e  sp e c if ic  (11.0) 
o rie n ta tio n  due to  th e  in te ra c tio n  of th e  monolayer, and were aligned 
p a ra lle l  to  the  monolayer surface, with the  trunca ted  (00.1) face developed 
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FIG. 6.15: GRAPH SHOWING THE PRESENCE OF SODIUM IONS ON ORIENTED VATERITE CRYSTALS 
GROWN UNDER STEARIC ACID MONOLAYER.
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FIG.6.16. OPTICAL MICROGRAPH OF CRYSTALS GROWN UNDER 
STEARIC ACID MONOLAYER IN THE PRESENCE OF LITHIUM. 
CRYSTALS SHOW THE SURFACE ROUGHENING AND THE 
CENTRAL ELEVATION. NOTE THAT MANY CRYSTALS ARE 
ORIENTED AND THE SMALL TRUNCATED (OO.l) FACES ALIGNED 
PARALLEL TO THE VIEW DIRECTION. (Scale bar = 100 \im)
2.93
FIG. 6.17: THE DEVELOPMENT OF A TRIANGULAR (00.1) FACE 
EFFECTED BY LITHIUM IS CLEARLY SEEN AT THE EDGE OF AN 
ORIENTED CALCITE CRYSTAL. THE
A DRYING ARTEFACT .(Scale bar = 50 nm)
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ind ica ted  th a t  the c. ax is  was running nearly  p a ra l le l  to  the  monolayer 
su rface . Furthermore, the  roughness on th e  su rface  of the  c r y s ta ls  sp e c if ic  
to  the  monolayer in te ra c tio n  was c le a r ly  seen.
As the concen tra tion  of lith ium  was increased  <e.g. Ca : Li = 
1 : 10) a s ig n if ic a n t number o f c ry s ta ls  showed th e  changes in  the  nature  
and type of c ry s ta ls  formed under the  monolayer. As explained above, 
lith ium  favoured the  development of <00,1) face o f c a lc i te ,  and s te a ra te  
molecules favoured (11.0) face o f c a lc i te  and both were no ticed  in  th e  
c ry s ta ls  formed. Furthermore, th e  reduction  in  to t a l  nucleation  d en sity  of 
c ry s ta ls  and th e  decrease in  th e  number o f o rien ted  c ry s ta ls  <Fig.6.18> a s  
the  Li concen tra tion  was increased  were noticed  (F ig .6.18). The fig u re  
shows th e  gradual decrease in  th e  o rien ted  c a lc i te  c ry s ta ls  th a t  f in a l ly  
dropped down to  6% a t  CCa] :CLil = 1:20. However, th e  p roportion  of v a te r i te  
formed under th e  monolayer d id  not change much in  th e  presence o f lith ium  
even though the  amount of v a te r i te  c ry s ta ls  formed i s  le s s  when compared 
to  c a lc ite . Furthermore, th e  nucleation  d en s ity  and s iz e s  of v a te r i te  
c ry s ta ls  were reduced a s  th e  lith ium  con cen tra tio n  increased . There were 
no o r ie n ta tio n a l or m orphological changes in  th e  v a te r i te  c ry s ta ls  formed. 
Com paritively lithium  e f fe c t on o rien ted  c ry s ta l l iz a t io n  was observed a t  a 
low concen tra tion  r a t io  than  w ith sodium.
6.3.4 C ry s ta l growth s tu d ie s  o f  CaCOa under amine monolayer In  presence o f 
sodium: C ry s ta ls  grown in  the  presence of sodium were no t changed
in  s tru c tu re  and morphology compared w ith th e  v a te r i te  c ry s ta ls  formed 
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FIG. 6.18: FREQUENCY DISTRIBUTION OF TYPES OF CRYSTALS GROWN 
UNDER STEARIC ACID MONOLAYERS IN THE PRESENCE OF 
LITHIUM: (A) ORIENTED CALCITE CRYSTALS, (B)
ORIENTED VATERITE CRYSTALS AND (C) NON-ORIENTED 
CALCITE CRYSTALS.
&c w > . -













FIG. 6.19: OPTICAL MICROGRAPHS OF CRYSTALS GROWN UNDER 
AMINE MONOLAYERS:(A) CRYSTALS GROWN IN THE ABSENCE OF 
SODIUM, (B) CRYSTALS GROWN IN THE PRESENCE OF SODIUM. 
|Ca]:[Na] = 1:6. [Ca] = 0.01 M. (Scale bars = 100 nm)
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d iffe ren ces  in  morphology (Fig 6.19 A and B). Nucleation d en sity  was 
reduced as  the  concentra tion  of sodium was increased. The presence of 
sodium changed the  complexity of th e  m orphological form and the  d e n d ritic  
natu re  of the  o rien ted  c ry s ta ls .  S izes of the  c ry s ta ls  were a lso  reduced. 
Figure 6.20 show the two types of c r y s ta ls  grown in  presence of sodium 
under th e  monolayer. The d is tr ib u tio n  o f v a te r i te  type I c ry s ta ls  decreased 
predom inantly. A fter [Ca] : [Na] = 1 : 20, th e re  were no fu r th e r  changes 
(Fig. 6.21). The frequency d is tr ib u tio n  o f type II  c ry s ta ls  showed a 
s im ila r  tren d  and reduced to  5% a t  CCa] : CNa] = 1 : 12 (Fig. 6.22). F urther 
increase  in  the  amount of sodium did  no t show any change in  the  d en sity  of 
v a te r i te  type II c ry s ta ls .  A fu r th e r  no ticeab le  d ifferen ce  was an increased 
appearance of non-oriented c a lc i te  c r y s ta ls  (Fig. 6.23). This in d ica tes  
th a t  th e  k in e tic  influence of the  monolayer on v a te r i te  nucleation  was 
reduced and c a lc ite  c ry s ta ls  were formed in  th e  bulk so lu tio n .
6.3.5 C ry s ta l growth s tu d ie s  in  presence  o f lith ium  under amine 
monolayers:
C ry s ta lliza tio n  of o rien ted  v a te r i te  form ation under the  
monolayer was not a ffec ted  a t  lower co n cen tra tio n s  of lith ium  
(CCaJdLi] = 1 : 4 .  The morphological type  I and type II c ry s ta ls  were 
unchanged except th a t  th e ir  s iz e s  were reduced as  th e  concen tra tion  of 
lith ium  increased. Furthermore, a secondary growth in  v a te r i te  c ry s ta ls  
s t a r t  to  appear a t  CCa] : (Li] = 1 : 10 (Fig. 6.24).
SEM micrographs showed no d iffe ren ces  in  the  
c ry s ta llo g rap h ic  o rien ta tio n  of th e  c ry s ta ls  w ith re sp ec t to  th e  monolayer
FIG. 6.20: SEM MICROGRAPHS OF CRYSTALS GROWN UNDER 
AMINE MONOLAYER IN THE PRESENCE OF SODIUM. [Ca]:[Na] = 
1:10. (A) VATERITE TYPE I CRYSTAL. (B) VATERITE TYPE II 
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FIG. 6.21: FREQUENCY DISTRIBUTION OF ORIENTED VATERITE TYPE 
I CRYSTALS GROWN UNDER AMINE MONOLAYER IN THE 
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FIG. 6.22: FREQUENCY DISTRIBUTION OF ORIENTED VATERITE TYPE II 
CRYSTALS GROWN UNDER AMINE MONOLAYER INFLUENCED BY 
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FIG. 6.23: FREQUENCY DISTRIBUTION OF NON-ORIENTED CALCITE 
CRYSTALS GROWN UNDER AMINE MONOLAYER IN THE 





FIG. 6.24: VATERITE CRYSTALS GROWN UNDER AN AMINE 
MONOLAYER IN THE PRESENCE OF LITHIUM. SECONDARY 
GROWTH IS SEEN IN A SIGNIFICANT PROPORTION OF THE 
CRYSTALS. (Scale bar = 100 Jim)
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surface. Figures 6.25. A and B show th e  unaffected  type I and type II 
c ry s ta ls  grown under amine monolayer in  presence of lithium  a t  
CCa] : CLi] = 1:10. Complex and d e n d ritic  nature i s  c le a r ly  reduced. 
Furthermore, some c ry s ta ls  showed a s l ig h t  change in  morphology, due to  
secondary growth developed along a d ire c tio n  nearly  perpendicular to  th e  
o rig in a l c ry s ta l  su rface  (Fig. 6.25.C).
An in te re s t in g  observation , noticed a s  the  concentra tion  of 
lithium  increased fu r th e r  to  CCa] : CLi] = 1 : 20 was th a t  a change from 
v a te r ite  form ation to  complete c a lc ite  nucleation occured. C ry s ta ls  formed 
were d if fe re n t from normal rhombohedral c ry s ta ls  and were comparable to  
the  morphology o f c ry s ta ls  formed in  th e  presence of lithium  in  co n tro l 
experim ents (Fig. 6.26). Many c ry s ta ls  had developed p a r t ia l ly  and fu lly  
formed hexagonal faces of c a lc i te  c ry s ta ls .  Figure 6.27 shows the  
d is tr ib u tio n  of types of c ry s ta ls  grown under amine monolayer a t  inc reasin g  
concentra tion  of lith ium . There was no evidence th a t  the  trunca ted  c a lc ite  
c ry s ta ls  were o rien ted  under th e  monolayer.
In summary th e  r e s u lts  showed th a t  an increase  in  io n ic  
s tren g th  of th e  so lu tio n  by adding sodium or lith ium  d is ru p ts  th e  form ation 
of o rien ted  c ry s ta ls .  These reduced c ry s ta l  nucleation by in te rfe r in g  w ith 
the arrangem ent of th e  Ca2'*' and CQ32 -  ions to  form the  c r i t i c a l  nucleus.
The added ions a lso  reduced th e  s ize  and the  d en sity  of o rien ted  c ry s ta ls  
formed. Furthermore, the  im portant and in te re s t in g  observation in  the  
c ry s ta l l iz a t io n  of CaCOs in  th e  presence of lith ium  was the  c o n s is te n t
FIG. 6.25 (A) AND (B): SEM MICROGRAPHS OF MORPHOLOGICALLY 
UNAFFECTED TYPE I AND TYPE II VATERITE CRYSTALS GROWN 
IN THE PRESENCE OF LITHIUM AT [Ca]:[Li] = 1:10. (Scale bars = 10 
pm)
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FIG 6.25 (C): SEM MICROGRAPH SHOWING THE EFFECT OF 
SECONDARY GROWTH UPON THE MORPHOLOGY OF THE 
VATERITE CRYSTALS. (Scale bar = 10 ^m)
FIG. 6.26: OPTICAL MICROGRAPH OF CALCITE CRYSTALS FORMED 
UNDER AN AMINE MONOLAYER IN THE PRESENCE OF LITHIUM. 
[Ca]:[Li] = 1:20. [Li] = 0.2 M. THE MONOLAYER HAS NO EFFECT 
UPON CaC03 PRECIPITATION. THE CRYSTAL MORPHOLOGY IS 
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FIG. 6.27: FREQUENCY DISTRIBUTION OF THE TYPES OF 
CRYSTALS GROWN UNDER AMINE MONOLAYER IN THE 
PRESENCE OF LITHIUM: (A) VATERITE TYPE I
CRYSTALS, (B) VATERITE TYPE II CRYSTALS AND 
(C) NON-ORIENTED CALCITE CRYSTALS. AS THE 
CONCENTRATION OF LITHIUM INCREASED, THE 
VATERITE NUCLEATION IS DIMINISHED.
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form ation of hexagonal (00.1) faces of c a lc ite . This face i s  re la tiv e ly  
unstable  and generally  not observed in  sy n th e tic  c a lc ite .
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6 . 4  D I S C U S S I O N ;
From the  above sec tio n s  i t  i s  p o ssib le  to  in fe r  th a t  th e  
chemical p re c ip ita tio n  of CaCOs in to  i t s  polymorphic and m orphological 
forms from bicarbonate so lu tion  i s  g re a tly  influenced by th e  presence of 
d iffe re n t ions on the  su rface  and in  the  bulk so lu tion . The understanding 
of the  form ation of the  polymorphic and morphological ty p es  of CaCOs I s  
im portant in  term s of environm ental and technolog ical in te re s t .  Hence, i t  
i s  v i ta l  to  analyse th e  observations recorded in  th e  above sec tio n . From 
the  re s u lts  th ree  main conclusions can be drawn. (i> Lithium ions change
the morphological type from normal rhombohedral <10.4} faces  to  th e
hexagonal (00.1) face o f c a lc i te  c ry s ta ls .  (11) Sodium and lith ium  ions 
reduced the  number of o rien ted  c a lc i te  c ry s ta ls  formed under a s te a ra te  
monolayer and v a te r i te  c ry s ta ls  formed under acid  and amine monolayers; 
they increased the  p roportion  of the  non-orien ted  c a lc i te  c ry s ta ls .
( i l l )  Size and nucleatlon  d en sity  o f c ry s ta ls  formed under th e  monolayers 
were reduced, th s  complex and d e n d ritic  nature of th e  v a te r i te  c r y s ta ls  
changed and secondary growth o f c ry s ta ls  appeared.
(1) Hexagonal c a lc i te  form ation e ffec ted  by lith ium :
The (00.1) face of c a lc i te  i s  not generally  expressed a s  the  
C00.1] d ire c tio n  i s  a f a s t  growing d irec tio n . Along th i s  d ire c tio n  
a lte rn a te  lay ers  of calcium and carbonate a re  arranged in  such a way th a t  
carbonate ions a re  in  p a ra lle l  arrangem ent to  calcium ions. For th i s  face 
to  be expressed the  f a s t  growth should be slowed down in  th i s  d ire c tio n .
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This probably was e ffec ted  by the  sp e c if ic  adsorb tion  of lith ium  ions onto 
the f a s t  growing face thereby s ta b iliz in g  the  an ionic charge of th ese  
c ry s ta l  p lanes. Evidence from the  atomic mass absorp tion  shows the  
presence of lithium  in  th e  c ry s ta ls  and in d ica tes  th e  p o s s ib i l i ty  of th e  
adsorp tion  of lith ium  ions on the  su rface . L a ttice  param eter de term ination  
showed some in d ica tio n  fo r  th e  inclusion  of lith ium  ions, but th e  e f fe c t  
was m arginal suggesting  th a t  lithium  was located in  I n t e r s t i t i a l  ra th e r  
than la t t ic e  s i te s .
The schem atic diagram in  fig . 6.26 shows th e  c. face of 
c a lc ite  w ith lith ium  ions adsorbed on to  th e  su rface  and thus reduced th e  
growth ra te  along th e  c. d irec tio n  enabling th e  (00.1) face to  be developed. 
The p o sitio n  of lith ium  on the  (00.1) face of c a lc i te  can be po stu la ted  from 
cry s ta llo g rap h ic  measurements. The p o s itio n  ind ica ted  in  th e  diagram shows 
th a t  i t  i s  located between COs2 - ions and CaO& octahedra along th e  c. 
d irec tio n . The p o s itio n  i s  surrounded by s ix  02~ ions and hence has a 
negative atmosphere. The s iz e  determined from c ry s ta llo g rap h lc  d a ta  i s  «
0.86 A C214, 216] in  rad iu s  and Lithium has an ion ic  rad iu s  0.6A (Pauling 's 
rad iu s). Hence, i t  could be located in  th ese  holes. This in c lu sio n  i s  more 
po ssib le  ^ lithium  than  sodium a s  the  ion ic  rad iu s  of sodium i s  s ig n if ic a n tly  
la rg e r (0.99 A). If  c a lc i te  c ry s ta ls  contained lithium  in  th e  i n t e r s t i t i a l  
p o s itio n s , th e  p o s itiv e  excess charge should be compensated by o ther 
anionic sp ec ies  o r by Ca vacancies (net charge -2 ) . In th e  p re sen t system  
the p o ssib le  an ionic  spec ies  a re  Cl“ and HCOa". EDXA data  showed the  
absence of any ch lo ride  in  th e  c ry s ta l .  Previous s tu d ie s  [216]
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showed a s im ila r  e f fe c t with sodium and d isregarded  HC03“ to  compensate 
fo r  the  charge as th e  incorporation  of monovalent ions were independent of 
pH. Most probably Ca vacancies compensate fo r th e  excess charge.
Sftudies were ca rried  out e a r l ie r  to  estim ate  th e  mechanism 
of the  incorporation  of monovalent and d iv a len t ions in  CaCCb c ry s ta ls  
[2161 and suggested th e  s im ila r  mechanism. However, th e re  a re  c o n tro v e rs ia l 
ideas on the  inc lusion  of monovalent ions in to  c ry s ta l  la t t ic e .  Onuma e t  a l  
C217] suggest th a t  th e  m ajority  of a lk a l i  m etals have no tendency to  occupy 
the la t t ic e  s i t e  of th e  c ry s ta l  s tru c tu re  as  the  isomorphic s u b s titu tio n  of 
monovalent to  d iv a len t elem ents in  CaCCh is  hard ly  expected. However, they  
had analysed only w ith Ha, K and Rb and have not mentioned lith ium .
Okuumura e t  a l  [209] have stud ied  the  co p rec ip ita tio n  of Li and sodium, 
showed a decrease in  th e  amount of a lk a li  m etal p re c ip ita ted  a s  th e  io n ic  
rad iu s  Increased and supported the  idea th a t  a lk a l i  m etals a re  placed in  
i n t e r s t i t i a l  p o s itio n s  in  th e  c ry s ta l  s tru c tu re  o f c a lc ite  and do not 
su b s titu te  fo r  Ca in  th e  la t t ic e .  Our re s u lts  suggest the  same idea th a t  Ha 
and Li may be p re sen t <in d if fe re n t p roportions) on th e  c ry s ta l  face.
L a ttice  co n stan ts  values a lso  show s im ila r tren d  and support the  fa c t  th a t  
lith ium  may be p resen t in  th e  c ry s ta l  face and th a t  determ ined th e  
morphology.
Hence f i t  seems reasonable to  suppose th a t  eventually  a 
d if fe re n t arrangem ent of th e  s tru c tu ra l u n its  became en e rg e tic a lly  more 
favourable and the new morphological form is  assumed as  th e  energy b a r r ie r  
had been overcome. The considera tion  outlined here apply only to  c ry s ta l
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FIG. 6.28: HEXAGONAL UNIT CELL STRUCTURE OF CALCITE 
CRYSTAL.%  -SHOW THE POSSIBLE POSITIONS OF 
LITHIUM ABOVE THE TOP/FIRST LAYER OF 
CARBONATE. THE DISTANCE BETWEEN LITHIUM AND 
CARBONATE LAYER IS 1/8 OF THE DISTANCE 
BETWEEN THE TWO CARBONATE LAYERS.
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type changes produced by ion ic  in te ra c tio n s . The general polymorphic 
tr a n s i t io n  produced by a change in  surface or tem perature or both, is  
considerab ly  more complicated in  as much as k in e tic s  as  well as  
thermodynamics a re  involved.
( l i )  C ry s ta lliz a tio n  under s te a ra te  monolayer In presence o f sodium and
lith ium : The reduction in  orien ted  c ry s ta l l is a t io n  was p o ssib le  a s  these
ions weakly bind to  s te a ra te  molecules. Previous s tu d ie s  C215] show th a t
s te a r ic  acid  forms good monolayers on calcium ■ . 2 ? so lu tio n  in  the
presence of sodium [215]. As th e  amount of sodium in creases, i t  i s  lik e ly
th a t  the  binding of calcium to  s te a ra te  molecules i s  d isrup ted . Figure 6.12
shows the  increase  in  the  binding e ffic iency  of sodium a t  th e  carboxylate
headgroup as  th e  concentra tion  of sodium increased  in  th e  bulk so lu tion .
%
Competitive binding i s  co n tro lled  by the concentration  of th e  ions p resen t
%
in  th e  so lu tion  and so, as the  concen tra tion  of the  monovalent ion 
increased  th e  binding of calcium to  the  s te a ra te  molecule decreased and the  
form ation of S tern  layer d isrup ted  and hence th e  number of o rien ted  
c ry s ta ls  was reduced. Furthermore, the presence of these  ions in  so lu tion  
would have increased the  encounter time of Ca2"'" and COa^-  fo r  th e  c r i t i c a l  
nuclei form ation and thus would have reduced the  ra te  of form ation and 
growth.
The o rien ted  c ry s ta ls  formed under s te a r ic  acid  in  the  
presence of lith ium  showed th a t  th e  (00.1) face developed nearly  
perpendicular to  the  monolayer surface and th i s  face was perpendicular to  
th e  face nucleated under the  monolayer. Hence the  face nucleated which is
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perpendicu lar to  the  (00.1) face is  a p rism atic  face of c a lc ite . Thus, th is  
provides ad d itio n a l evidence fo r the e a r l ie r  conclusion th a t  the  monolayer 
p re fe re n tia lly  o rie n ts  the  (11.0) face of c a lc ite  on the su rface  under the 
monolayer.
Formation of v a te r i te  under the monolayers of acid  and amine 
shows th a t  the  polymorphic s e le c tiv ity  i s  not p rim arily  a ffec ted  by e ith e r  
sodium o r lith ium . S lig h t morphological changes noted a t  high 
con cen tra tio n  of lith ium  might be due to  th e  secondary growth which was 
no t sp e c if ic a lly  con tro lled  by the  monolayer o r by lithium . Probably, edge 
growth of th e  c ry s ta ls  i s  prevented by fo reign  ions thus f a c i l i ta t in g  a new 
growth d ire c tio n  in to  th e  bulk so lu tion  from the  middle of th e  c ry s ta l .
The fu rth e r increase  in  concen tra tion  of lith ium  under amine 
m onolayers influences the  ion ic  s tren g th  of the  so lu tion  thereby reducing 
th e  r a te  of form ation of c ry s ta l  nuclei. As the  slow ra te  of form ation 
favours th e  form ation of c a lc ite , i t  i s  nucleated a t  the  monolayer surface. 
Furtherm ore, lith ium  changed th e  morphology of the  c a lc ite  c ry s ta ls  formed. 
The n o n -o rien ta tio n  of th ese  c ry s ta ls  w ith  re sp ec t to  monolayer surface 
in d ic a te s  th e  absence of any s tru c tu ra l  and stereochem ical involvement in 
c o n tro llin g  the  c ry s ta l  o rien ta tio n  a t  th i s  level of lithium . This change 
in  polymorph i s  s im ila r  to  d ilu tio n  experim ents where, a t  [Ca] = 1.2 mM th e  
non-o rien ted  c a lc ite  form ation occured under amine monolayer (See chapter 
IV, sec tio n  4.3). Thus, the  slow nucleation determ ines th e  c a lc i te  form ation 
and lith ium  determ ines the  morphology of the  c ry s ta ls  under these  
co n d itio n s
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The ca tio n s  p resen t in th e  so lu tion  a c t in two d if fe re n t 
ways. They break up th e  calcium binding under s te a ra te  monolayer and 
destabiljse the charge accumulation under both the  monolayers. This slows 
dawn the  ra te  of nucleation by increasing  the encounter tim e of c ry s ta l  
forming ions by the  inclusion  of Na+or Ligand Cl" ions surrounding the 
Ca2* and C032~ions in  the so lu tion . A dditionally  these  fo reign  ions a c t a s  
im purities which have a p re fe re n tia l a f f in i ty  fo r p a r tic u la r  c ry s ta l  faces 
and thus favour growth in  some d ire c tio n s  more than in  o th e rs .
Thus, we have dem onstrated through th i s  chap ter th a t  the  
o rgan isa tion  of charged monolayers, e le c tro s ta t ic  charge accumulation under 
them and calcium binding to  the  s te a ra te  monlayers a re  c r i t i c a l  fo r th e  
form ation of o rien ted  nucleation. A dditionally , we have shown th a t  
morphological change could be effected  by inorganic  ca tio n s  (Li) p o ssib ly  
by the  adsorp tion  of th ese  ions in  i n t e r s t i t i a l  s i te s .
C H A P T E R  V I I
C O N C L U S I O N S
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IHE..PEESMT SYSTEM:
The a b i l i t y  to  modify th e  s t r u c tu r e  and morphology o f 
c r y s ta l s  i s  an im portan t a sp e c t of b io m in e ra liz a tio n  and m a te r ia ls  
sc ien ce . In p a r t i c u la r ,  CaCCh i s  an im portan t in o rg an ic , g e o lo g ic a l and 
b io in o rg an ic  m inera l. Hence, th e  c o n tro l o f i t s  c r y s ta l  shape i s  
fundam ental to  th e  In d u s tr ia l  a p p lic a t io n  of t h i s  m a te r ia l as  a pigment, 
f i l l e r ,  e tc ,  and in  i t s  b io lo g ic a l  fu n c tio n  as a g ra v ity  d e te c to r ,  and 
s t r u c tu r a l  support in  ex o sk e le to n s.
The p re se n t system  showed th a t  th e  c o n tro l of c r y s ta l  
s t r u c tu r e  and morphology can be e f fe c te d  by an o rg an ised  monomolecular 
la y e r  o f am p h ip h ilic  m olecules. The system  g iv es  good evidence fo r  th e  
e f f e c t iv e  c o n tro l and m o d ifica tio n  of th e  s t r u c tu r e  and morphology of 
c r y s ta l s  formed, th rough  s t r u c tu r a l ,  s te reo ch em ica l and induced 
physico-chem ical f a c to r s .  The fo llow ing  m o d if ica tio n s  in  t h i s  model 
system  may a id  fu tu re  s tu d ie s .
MODIFICATIONS I I  THE MONOLAYER SYSTEM:
Although good monolayers were farmed, th e  e f f e c t iv e  
c o n tro l in  term s of su rfa ce  p re ssu re  was n o t made a s  i t  was handled 
m anually, hence, an au tom atic  (co m p u te r-co n tro lled ) change in  a rea  as  
and when su rfa c e  p re ssu re  i s  a l t e r e d  by environm ental f a c to r s  would be 
id e a l  f o r  th e  system . Furtherm ore, because th e  m onolayers were sp read  
on aqueous su r fa c e s , th e re  were p o s s i b i l i t i e s  fo r  th e  d is ru p tio n  o f th e
3 1  8
f i lm  form ing m olecules. I f  th e  f i lm  could  be formed on r i g i d  su p p o rts  
and th en  th e  c r y s ta l s  were allow ed to  grow under th e  in f lu e n c e  of th ese  
su p p o rted  monolayers h ig h ly  re p ro d u c ib le  r e s u l t s  re v e a lin g  th e  s p e c i f ic  
r o le  o f th e  monolayer might be o b ta ined . F u rth e r changes cou ld  be to  
use m ic e lle s  in s te a d  of m onolayers to  e f f e c t  c o n tro l on c r y s t a l l i z a t i o n .  
Furtherm ore, s tu d y in g  th e  m onolayers w ith  a view to  id e n t i f y in g  the  
s t r u c tu r a l  a sp e c ts  and s tereo ch em ica l n a tu re  o f th e  film -fo rm in g  
m olecules w ill  be of immense v a lu e  in  e lu c id a tin g  s im i la r  in te r a c t io n s  
a t  th e  m olecular le v e l in  b io m in e ra liz a tio n  p ro cesses .
HDDIFICATIQJfS I I  THE BULK SYSIEK:
In th e  p re se n t work, we have used K ita n o 's  p rocedure  to  
c r y s t a l l i z e  calc ium  carb o n ate . I t  has immense value  a s  i t  av o id s  the  
p resence  of any o th e r  io n ic  sp e c ie s  o th e r  than  th o se  t h a t  come from 
CaC03, H2O and CG2. However th e  c r y s ta l  n u c le a tio n  which i s  determ ined 
by s u p e rs a tu ra t io n  i s  c o n tro l le d  by f i r s t  o rd e r k in e t ic s  i . e  by th e  C02 
e v o lu tio n  from th e  system ; hence m a in ta in in g  c o n s ta n t p u rg in g /e v o lu tio n  
o f CO32 to  and from th e  bulk  s o lu t io n  may p o s s ib ly  improve th e  system  
f u r th e r  by e lim in a tin g  th e  e r r o r  due to  s l i g h t ly  u n c o n tro lle d  purg ing  of 
CO2 to  CaCOs suspension  by th e  in te r fe re n c e  of atm ospheric  CCb. This 
can p o s s ib ly  be done by keeping a c lo sed  atm osphere o r by c a r ry in g  out 
th e  experim en ts in  a glove box. T his method would a ls o  en ab le  to  
c o n tro l th e  p a r t i a l  p re ssu re  of CCh of re q u ire d  ch o ice . Furtherm ore 
s tu d y in g  in o rg a n ic  c r y s t a l l i z a t i o n  under a non-aqueous medium could  be
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of g re a t  i n t e r e s t  a s  i t  can show th e  p o s s ib le  in te r a c t io n s  of th e  common 
io n s  such as  H-*, OH-  HC03 and o th e r  p o ss ib le  io n ic  a d d itiv e s .
DEVELOPMENT/ CHANGES Iff THE ANALYTICAL TOOLS . HSEP.1..
In th e  p re sen t system  e le c tro n  m icroscopy was used a s  a main 
to o l  to  analyse  th e  m orphological n a tu re  o f th e  c r y s ta l s  formed. Being 
in  th e  i n i t i a l  s ta g e s  of system  developm ent, th e  work was m ainly aimed 
a t  id e n tify in g  th e  s t r u c tu r e  and morphology of th e  c r y s ta l s  formed under 
th e  o rg an ic  monolayer and proposed p o s s ib le  mechanisms fo r  th e  changes 
e f fe c te d . The co n firm a tio n  of th e se  mechanisms re q u ire s  more s tu d ie s  
(on th e  c o n tro l le d  c r y s ta l s  farm ed) in  term s of id e n t i fy in g  th e  presence 
o f any m atrix /m onolayer io n ic  s p e c ie s  occluded in  th e  c r y s ta l  face .
T his can p o s s ib ly  be done by chrom atographic and sp ec tro sc o p ic  
te ch n iq u es  where th e  o rg an ic  m a te r ia l can be id e n t i f i e d  fo r  i t s  p resence 
and th e  m ic ro q u a n titie s  of th e  m a te r ia l can be q u a n t i ta t iv e ly  
determ ined. This a n a ly s is  in  tu rn  may lead  to  more confirm ato ry  
su g g es tio n s  on th e  proposed mechanism.
APPLICATIONS OF. ..TBIS.YQEKi.
Mention has been made o f a few a p p lic a t io n s  of t h i s  work in  
th e  re le v a n t  C hapters in  t h i s  th e s i s .  C ontro l on th e  s t r u c tu r a l  and 
m orphological m o d if ica tio n s  i s  im portan t in  term s of i t s  in d u s t r ia l  
u ses , m edical a p p lic a t io n s  and in  understand ing  th e  p ro cesses  of 
b io m in e ra liz a tio n . The c u rre n t i n t e r e s t  in  advanced m a te r ia ls  i s  
p r im a r i ly  d ire c te d  tow ards s y n th e s is  of novel m a te r ia ls . However, th e
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main aim of t h i s  work was th e  c ry s ta llo c h e m ic a l re c o g n itio n  of th e  
m atrix  m olecules w ith  th e  aim of ach iev in g  fu n c tio n a l s p e c i f i c i ty  in  
c o n tro lle d  c r y s ta l l i z a t io n .  In t h i s  re s p e c t, i t  can he used in  a wide 
a rea  of work in  c o n tro llin g /d e v e lo p in g  fe a tu re s  such as s t r u c tu r a l  
p e r fe c tio n , th e  shape, s iz e  and o r ie n ta t io n s  th a t  a re  im portan t in  
op tim is in g  e l e c t r i c a l ,  o p t ic a l ,  m agnetic and c a ta ly t i c  p ro p e r t ie s  of 
m a te r ia ls . Thus i t  seems th a t  a c o l la b o ra t iv e  approach in v o lv in g  
b io lo g ic a l ,  chem ical and m a te r ia ls  sc ien ce  re se a rc h  i s  e s s e n t ia l  to  th e  
advancement of t h i s  a rea  of work.
FURTHER TORE:
1) Immediate p ro g re ss  o f th e  p re se n t system  can be made in  a 
few sim ple ways.
One a sp ec t i s  t h a t  in s te a d  of u sing  su p e rsa tu ra te d  Ca<HC03>2 
s o lu tio n s , m e tas tab le  s o lu t io n s  formed by a d d itio n  of CaClz and 
Ha7pC03 - i n  aqueous medium can be used f a r  th e  c r y s t a l l i z a t i o n  o f CaC03 
under th e  m onolayers. T his work has been taken  up in  t h i s  group and i s  
in  p ro g ress .
2) Another s p e c i f ic  a sp e c t fo r  th e  p ro g ress  of t h i s  work i s  to  
use polym eric su b stan ces  in s te a d  o f sim ple m olecules as  o rg an ised  
o rg an ic  tem p la te s  f o r  growing c r y s ta l s  of b io lo g ic a l and in d u s t r ia l  
i n t e r e s t .  K onolayers of polym eric  m a te r ia ls  such a s  p ro te in s  and 
p o ly p ep tid e s  a re  of main i n t e r e s t ,  fo r  example, m e l i t t in  i s  a p e p tid e  
which has in te r a c t io n  w ith  d i f f e r e n t  c e l l  membranes v e s ic le s  and 
b i la y e r s .  These m acrom olecules being  th e  components c lo s e r  to
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b io lo g ic a l system s can be tak en  up to  s tudy  th e  n a tu re  of th e  monolayer 
fo rm ation  and to  use them fo r  c r y s ta l  growth s tu d ie s .
A ll th e se  p ie c e s  o f work can f i n a l l y  le ad  us one s te p  
forward in  u n fo ld in g  th e  m y s te rie s  of b io lo g y /n a tu re . And, who knows, 
as  i t  was suggested  C 2 I S ] , one day, we may make c a r s  out of c r y s ta l  
growth.
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(i) P rin c ip le  o f Scanning E lectron Microscope:
The p rin c ip le  of scanning e lec tron  microscope (SEM) is  shown 
in f ig  (A). Eelectrons from a therm ionic or f ie ld  em ission cathode are 
accelerated  by a voltage of 1-50 KV between cathode and anode. The 
sm alles t beam c ro ss  sec tion  a t  the gun -  the c ro ss  over -  with a diam eter 
of the  order of 10-50 (jun fo r therm ionic and 10-100 nm fo r f ie ld  em ission 
guns, i s  demagnified by a two or th ree  stage  eectron lens system , so th a t 
an e lec tron  probe of diam eter 1-10 nm carry ing  an e lec tro n  cu rren t of 
10~ io  _ io ~ 12 A i s  formed a t  the  specimen surface. For modes of operation 
th a t  need a higher e lec tron  probe cu rren t of 10“® -  10“e , the  e lc tro n  probe 
diam eter increases to  0.1-1 pm.
The f in a l probe-form iing lens has to  operate with a 
re la tiv e ly  long working d is tance , th a t  is ,  the  d is tan ce  between specimen and 
lower pole piece, so th a t  the various p a r tic le s  and quanta em itted can be 
co llec ted  w ith the  desired  e ffic ien cy  and i f  necessary, w ith zero magnetic 
f ie ld  a t  the  specimen. This requirem ent increases the  sp h erica l ab erra tio n  
of the  probe-form ing lens and, therefo re , the sm alles t a tta in a b le  e lec tro n - 
probe s ize . E lectron-probe cu rren t, apertu re  and s ize  can a l l  be varied  but 
not independently by changing the e x c ita tio n s  of the  f i r s t  condenser lens 
and the  ap e rtu re -lim itin g  diaphragm in  the  la s t  probe forming lens. 
Apertures of the  o rder of ten m illirad ian s  are used fo r ro u tin e  work and 
high reso lu tio n . For, one to  two o rders of magnitude sm aller apertu res a re  
necessary  to  increase  the  depth of focus and
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to  improve the  angle of reso lu tion  in  e lec tro n  channeling p a tte rn s .
A d eflec tion  co il system in fro n t of the l a s t  lens scans the  
e lec tron  probe in  a r a s te r  acro ss  the  specimen and in  synchronism  with th e  
e lec tro n  beam of a sepera te  cathode-ray tube. The in te n s ity  of th e  e lec tron  
beam is  modulated by one of the s ig n a ls  recorded to  form an image. The 
m agnification can be increased simply by decreasing the sca n -c o il cu rren t 
in  keeping the  image s ize  of 10 x 10 cm2 -
-Further beam -deflection modes involve rocking of the  
e lec tro n  beam when the  e lec tron  probe i s  a t  r e s t  and the  angle of incidence 
i s  ra s te r-scan n ed  to  form e lec tron  channelling p a tte rn s  fo r  c ry s ta l  
an a ly s is ; p e riod ic  change o f the  angle of incidence fo r record ing  s te reo  
images a t  T.V frequencies; and period ic  blanking or chopping of th e  e lec tro n  
beam upto frequencies in  th e  region sp e c if ic  fo r  the  s troboscop ic  modes and 
tim e-reso lved  s ig n a ls .
As th e  e lec tro n  probe apertu re  i s  sm all- of the  order -  of a 
few ten s  of m illira d ian s  -  w ith the  re s u lt  th a t  th e  depth of th e  focus i s  
much la rg e r  than in  o p tica l microscopy. Specimens with la rg e  v a ria tio n s  in  
depth can be sh arp ly  imaged even a t  the  lowest m agnification of 20-50 
tim es.
Another advantage of SEM is  the  wide v a rie ty  of e lec tro n  
specimen in te ra c tio n s  th a t  can be used to  farm an image and to  fu rn ish  
q u a lita tiv e  and q u a n tita tiv e  inform ations. The la rg e  depth of focus, the  
ex ce llen t c o n tra s t  and the  s tra ig h t-fo rw ard  p rep ara tio n  of so lid  specimens 
are  th e  reasons fo r  the considerable success and th e  wide spread  use of th e  
scanning e lec tro n  microscopy in  the  imaging of su rfaces over th e  recen t
3 2 5
tim es. However, i t  should be kept in  mind th a t th e  imaging of su rface  
topography by platinum shadowed carbon re p lic a s  in  a transm ission  e lec tro n  
microscope (TEH) i s  superio r by some o rd ers  of magnitude in  reso lu tio n .
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